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ABSTRACT 
The main objective in this pedestrian impact study is a correlation between the 
computer simulations and the basic pendulum test rig in order to propose 
solutions that may improve the compliance of the headlamps without affecting 
their basic performance. Firstly, a tensile test at three different velocities was 
conducted to study the strain caused by applying a load within a certain time 
over a dog-bone specimen and the strain rate dependency of polycarbonate 
was demonstrated. Despite creating a LS-DYNA model and a material card, the 
decision was to use the material card provided by JLR for conducting the 
numerical simulations. Later, five impact test simulations were conducted for 
two different scenarios. The first one was with the headlamp fixed on its four 
attachments but it resulted that the fracture of the mountings, even with a low 
impact energy of 50J. As a consequence, EPP foam is used as the support in 
the second scenario. Then, a pendulum test rig was designed, built and used 
for impact tests. Unfortunately, due to the problems with the pendulum 
structure, only the 50J test was conducted. Four tests were made in order to 
have enough data to correlate the numerical simulations with the impact tests. 
The pendulum was instrumented with 1kN and 5kN load cells, which were 
statically calibrated and connected to a data acquisition system to obtain 
experimental data. A correlation stage was held and it was noticed that the peak 
value of the impact force did not match the simulated result. This may have 
been partly due to the low data acquisition rate achievable in the available 
instrumentation. Finally, a parametric improvement study involving three 
different design parameters is proposed. As a valid correlation was not 
achieved, these improvements were not conducted and are recommended for 
future studies. 
 
Keywords: Material characterisation, upper legform impactor, numerical 
simulation, LS-DYNA, pendulum test rig.  
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1 INTRODUCTION 
Predictions state that world road traffic fatalities are going to increase between 
the years 2000 to 2020 a 66%. This means that, unless car manufacturers and 
society take urgent measures to control this problem, this trend is going to 
continue rising [1]. 
Despite improvements in occupant safety being achieved, vulnerable road 
users are exposed to road accidents with higher severity and consequences 
than the vehicle occupants, due to their unprotected conditions in crash.  
Hence, action is needed from governmental organisations, in collaboration with 
vehicle manufacturers, to increase pedestrian safety. This reaction was reached 
by way of a series of regulations and test procedures that encourages car 
manufacturers to improve safety by developing pedestrian-friendly vehicles with 
such developments as introducing active systems to release the height of the 
bonnet, incorporate airbags for pedestrian, evolution of the bumper design and 
the materials that are employed in their manufacture. 
As the European Commission (EC) pedestrian regulations are weight limited, 
some vehicles are excluded from them and as this is counterproductive for 
pedestrian safety, Euro New Car Assessment Program (NCAP) pedestrian test 
has no weight restriction. Sport Utility Vehicle’s (SUV) have a particular 
challenging problem as they need to be robust if used in an off-road 
environment. 
The type of pedestrian impact that is developed and studied in this particular 
case corresponds to the impact of the pedestrians’ pelvis and femur to the car 
headlamp, due to the relation of heights.  
In order to propose valid improvements for headlamp design for pedestrian 
safety, it is important to conduct a thorough understanding of the regulations 
that directly affect the headlamp design and material requirements, because 
they are highly constrained by European regulations.    
The technical part of the study includes a material characterisation via tensile 
test, computer simulations and a simplified crash test, in order to be able to 
correlate them. The usage of computer Finite Element (FE) analysis models 
gained an important relevance during recent years as reducing costs and 
design time methods, because of the possibility to discover and solve problems 
before attempting the real crash test is vital. It goes without saying that every 
test has high cost.  
 
 2 
The correlation is important because the computer model can provide realistic 
results, but it can be dramatically invalid if the prediction that it provides is not 
correlated with reality. Furthermore, when realizing simulations, it is really 
important to be aware of the quality of the mesh that is applied to the model 
because it affects the results. 
This study case would not be possible without a complete understanding of all 
the regulations and previous studies in this pedestrian safety area, by 
conducting a thorough literature review and having a domain of computer 
simulations. Nevertheless, the main features to realize a successful study is to 
identify the problem, define the principal aims and objectives of the project, and 
achieve them through a well-structured and established methodology that 
provides the approach from the general identified problem to its solution.  
The principal objectives of this project and task list are as follows: 
 Objectives 
To achieve a correlation between the computer simulations and the basic 
pendulum test rig in order to propose solutions that improve headlamps for 
pedestrian safety without affecting their basic performance. 
 Task List 
a) Reach a complete understanding of the EC regulations and requirements for 
pedestrian impact. 
b) Achieve a successful material characterisation of the headlamp 
polycarbonate (PC) lens via a tensile test. 
c) Conduct numerical simulations of a simplified upper legform impactor with the 
headlamp of a typical SUV at low and high energy impacts. 
d) Conduct a simplified pendulum test at low energy matching the same 
numerical simulation conditions. 
e)  Correlate the numerical simulations with the experimental pendulum impact 
test at low energy. 
f) Propose design improvements on the headlamp for pedestrian safety. 
The proposed objectives are not possible to reach and achieve without the 
magnificent and constant help that the supervisor and Jaguar Land Rover 
provided. A better understanding of how important pedestrian safety is road 
traffic fatalities, how it caused an evolution on the design of the vehicles during 
previous years, how the materials employed directly affect pedestrian injuries 
and how to conduct real simplified crash tests based on the regulations, would 
not be possible without their collaboration.  
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2 LITERATURE REVIEW 
2.1 Statistics of pedestrian accidents 
World road traffic fatalities are predicted to rise from 723000 in the year 2000 to 
1204000 in 2020, which represents a 66% increase.  Although this overall value 
is dramatically high, it is possible to observe that the trend varies considerably 
across different regions of the world due to fatalities are projected to increase 
by over 80% in developing countries but decrease by nearly 30% in high-
income countries. Hence, if government car manufacturers and civilization do 
not take urgent measures to control this problem, it is going to continue rising 
[1] [3]. 
Despite vehicle safety substantially improving, it is not something new that the 
pedestrians and the rest of vulnerable road users are exposed to road accidents 
with higher severity and consequences than the vehicle occupants due to their 
vulnerability in crash conditions. For that reason, if these safety improvements 
are only focused over passenger car occupants, this will led to develop high 
strength vehicle bodies in order to absorb energy during impacts by deformation 
rather than pedestrian-friendly structures. As a consequence, it is obvious that 
the total necessary reduction of fatalities and severely injured people cannot be 
achieved [4] [5].  
In order to support the above, Figure 2.1 shows the pedestrian proportion of 
road fatalities in countries with population of more than fifty million. As it is 
possible to observe, almost all of them are over the ten percent and especially 
attention has to be held in three of them (Bangladesh, Ethiopia and Congo), 
where this percentage rises over the fifty percent [6]. 
 
Figure 2.1  Pedestrian fatalities in different countries [6]  
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Once it is assumed that the percentage of pedestrian fatalities with respect to all 
accidents it is not a low value, the next step is to identify the zone for the first 
contact in pedestrian collisions with vehicles. As it is shown in Figure 2.2, 
seventy percent of all the first impact points are in the front of the vehicle, and in 
consequence all the pedestrian crash tests are focused in this area of the 
vehicle [4]. 
 
Figure 2.2 First contact point in vehicle-pedestrian collisions [4] 
A typical pedestrian impact experiences two stages of impact, the first one is 
versus the vehicle and it begins when the car bumper hits the leg and pelvis of 
the pedestrian followed by the chest and finally with a head impact to the 
bonnet and windscreen areas. The second impact that pedestrians can 
experience are with the ground. For that reason, pedestrian injuries can be 
caused by the vehicle and also by the ground, but this is less important as they 
only cause 17.3% of the pedestrian injuries [7] [8]. 
Moreover, some of the identified factors for which pedestrian safety is affected 
by are the vehicle design or geometry. The kind of roads and pavements where 
the fatality occurs, the pedestrian stature, age, medical condition and finally it is 
discovered that the fatality risk increases with vehicle impact speed [9] [10] [11]. 
Euro NCAP introduced pedestrian testing for their consumer tests in 1996 and 
have steadily increased the complexity and points score to achieve five stars. In 
addition, legislation first comes into the European market in October 2005. 
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2.2 Evolution of pedestrian safety in Europe  
The evolution process to arrive at the actual pedestrian safety test procedures 
and improved designs for pedestrians started in the late sixties when it was 
recognised as a key parameter in safety.  
Pedestrian safety is promoted by the EC regulations, some governmental 
organisations such as the European Enhanced Vehicle Safety (EEVS) and by 
car safety performance assessment programmes as Euro NCAP. 
2.2.1 EEVS evolution 
As the EC regulations and Euro NCAP evolution are widely explained in Section 
2.3, this section is based in the EEVS evolution, which is an organisation 
founded in 1970 that is divided and established in different Working Groups 
(WG) that initiated research in different automotive working areas in order to 
improve vehicle safety [12].  
The first group created was the WG1, in 1974, which apart from studying 
accident data identified the importance of pedestrian injuries. Later in 1982, the 
WG7 was created specifically for pedestrians, which further analysed the 
available accident data to identify the most productive approaches to reduce 
this problem and started to consider the influence of car design on the types of 
injuries caused to pedestrians. The next EEVC WG that was created was 
WG10, in 1989, which was responsible of the study of how pedestrians are 
injured while are impacted by vehicles. This was the moment when full vehicle 
tests were held with dummies in collaboration with computer simulations, and in 
consequence started the development of subsystems tests [13] [14] [15] [16]. 
Nowadays, EEVC is working in the most recently formed WG17, which 
continued with the work done by WG10 and presented in 1998 their report with 
an update in 2002. This last version is still the main reference in Europe 
concerning pedestrian protection [17].  
2.2.2 Evolution of pedestrian friendly vehicles  
It is discovered, from an injury-biomechanics point of view, that reducing the 
injury risk in a pedestrian impact is achievable by reducing the impact energy or 
by prolonging the duration of the impact. As it is impossible to increase the 
impact duration because a vehicle-to-pedestrian impact is an accident that 
happens in less than one second, all the studies improvements are focused in 
reducing the impact energy by increasing the crush depth and by reducing the 
speed and contact stiffness [18]. 
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As pedestrian lower-extremity injuries are caused by a direct appliance of force 
from the bumper, this is the part of the car that has suffered the most design 
evolution in the latest years. The other parts that have also suffered an 
evolution are energy absorbing components, dynamically raised bonnets and 
windscreen airbags [19]. 
Nowadays, the bumper has reached an evolution to a plastic bumper face over 
an absorbing material that is supported by immovable structures. The 
pedestrian legform test value can be met by optimizing the stiffness and size of 
the energy absorbing material in order to develop a totally pedestrian-friendly 
bumper design [20].  
Figure 2.3 shows the evolution suffered by bumper design from the 1970s to the 
actual cars in the 2010s. The main changes that can be noticed are height, 
depth and stiffness [18]. 
 
Figure 2.3 Evolution of vehicle bumper style [18] 
As previously explained, the evolution of designs of pedestrian-friendly vehicles 
is conducted by regulations and consumer test programs. In the case of Euro 
NCAP, this contribution to improve pedestrian safety is shown by the achieved 
percentages in pedestrian tests. In 1997, 70% of the vehicles submitted to test 
achieved two stars and the rest only one, while in 2007 this proportion suffered 
a change to 13% receiving one star, 65% two stars, and 19% three stars. 
Moreover, with the overall merged star rating system introduced in 2009 the 
vehicle marks continued to raise even more. With these results it is possible to 
assert that finally pedestrian protection can be effective [21]. 
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2.3 Pedestrian impact regulations 
2.3.1 Definitions 
In order to fully understand the pedestrian impact regulations it is necessary to 
be familiarized with various technical terms that are employed in the EC 
regulations No 631/2009, No 78/2009 and other test procedures referred to the 
upper legform impact and the Euro NCAP new car assessment programme [2] 
[22] [23].   
The bonnet leading edge (BLE), bonnet leading edge height, bonnet 
leading edge reference line, bumper lead, corner reference point, lower 
bumper height (LBH), lower bumper reference line (LBRL), side reference 
line, upper bumper reference line (BR or UBRL) and the wrap around 
distance (WAD) are defined and widely explained in Appendix A.1.  
2.3.2 Test Impactors 
One of the main objectives that justify crash testing is to determine the parts of 
the vehicle where an acceptable occupant and pedestrian safety level are 
achieved. As one might expect, the tests cannot be done with live humans 
because as a result they could be seriously injured or killed. The impact history 
evolved from the usage of volunteer testing to the actual method of testing with 
dummies, passing through the use of animals and cadavers [24].      
Due to the difficulty of the assessment of a pedestrian impact with the usage of 
a full dummy, as in the rest of tests, it is necessary to use three different kind of 
individual impactors depending on the test that it is going to be conducted. 
As shown in Figure 2.4, in order to assess the protection afforded to the lower 
leg by the bumper a lower legform impactor is employed. For the upper legform 
to bumper test and to bonnet leading edge test an upper legform impactor is 
required and finally for the assessment of the bonnet top area a child and adult 
headforms are used [25].  
 
Figure 2.4 Impactors employed in pedestrian impact assessments: lower legform (left), 
upper legform (middle) and adult headform (right) [25] 
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As previously mentioned, the difficulty arises that, despite being able to control 
the impact point allocated for the pedestrian leg against the bumper, it is 
consequently impossible to guarantee where the head of the full dummy is 
going to hit the vehicle [25]. 
As this pedestrian study is concerned with the impact on the vehicle headlamp, 
the impactor employed is the upper legform and it is the one that requires a 
wide explanation of the more important points in order to fully understand it and 
its behavior [25].   
The upper legform impactor is a rigid bar of 350 ± 5mm long and covered on 
the impact side by two new sheets of 25mm thick ConforTM foam (CF) type CF-
45 or equivalent and a 1.5mm thick fibre reinforced rubber sheet simulating the 
skin as shown in Figure 2.5 [22]. 
 
Figure 2.5 Upper legform impactor [22] 
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It incorporates two load transducers to measure individual forces applied at both 
ends of the impactor (separated by 310±1mm) and three strain gauges in order 
to measure the bending moments of the front member. Two of the latter are 
located at 50±1mm from its symmetrical axis, and the third one has to be 
allocated. ISO 6487:2002 defines that the instrumentation response value 
channel frequency class (CFC) has to be 180Hz for all transducers and the 
channel amplitude class (CAC) response values have to be 10kN for the load 
transducers and 1000Nm for the strain gauges [22] [26].   
 
The total mass of the impactor, including propulsion and guidance components, 
must be 9,5±0,1kg, the rubber skin and foam must weigh 0,6±0,1kg  and the 
total mass of the front member and other components in front of the load 
transducer but excluding the foam and skin must be 1.95 ±0.05kg [22]. 
    
Finally as an important feature, a maximum of 20 impacts can be used before 
re-certification, because for the usage of the impactor it is necessary to 
accomplish the certification requirements, which are explained in Section 2.3.3.   
2.3.3 Certification of the impactors 
In order to satisfy correct performance requirements on the pedestrian impact 
tests, the impactors used have to accomplish some certification requirements 
such as that the impactor has to be stored for at least four hours in a storage 
area of 35±10 percent humidity and 20±2ºC temperature and that the test 
calibration facility has to have 40±30 percent humidity and 20 ± 4ºC [22]. 
The calibration test procedure is made by the impact of a 12±0,1kg upper 
legform impactor in vertical position and propelled horizontally at a velocity of 
7.1±0.1m/s into the stationary pendulum as shown in Figure 2.6. Its 
characteristics are defined in Appendix A.2 with other certification requirements 
[22]. 
 
Figure 2.6  Test set-up for dynamic upper legform impactor certification test [22] 
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2.3.4 Test procedures  
There are different kinds of test procedures regarding to the protection of 
pedestrians based on the regulations of the commission of the European 
communities, Euro NCAP and a new proposal by ACEA. Their importance lies 
in how they directly affect to pedestrian safety by encouraging manufacturers to 
invest more resources and technology in order to make safer cars in terms of 
pedestrians and other vulnerable road users.  
The regulations mentioned in the following Section 2.3.4.1 are applied for motor 
vehicles of category M1 and N1, for which maximum mass is 2500kg. Moreover, 
M1 and N1 are defined in Appendix A.3 [2] [22] [27]. 
2.3.4.1 Regulations of the commissions of the European communities 
The regulations of the EC are legislative acts that become immediately 
enforceable as laws in all member states and in collaboration with directives are 
needed to establish the rules for motor vehicle type-approval. In this particular 
case study of pedestrian impact on headlamp, the relevant regulations that are 
directly relevant to it are the Regulation No 78/2009 and No 631/2009 [2] [22].  
It is important for all kinds of pedestrian tests that the vehicle has to be in its 
normal ride attitude, with all parts included and devices activated, and it shall be 
securely mounted or resting on a flat surface with the hand brake on [22].  
The two kinds of tests that are held with an upper legform are the upper legform 
to bumper and upper legform to bonnet leading edge test [22]. 
The upper legform to bumper test is applied to vehicles whose lower bumper 
height is equal or greater than 500mm. For LBH between 425mm and 500mm, 
and for LBH lower than 425mm, the manufactures may have to choose or shall 
apply the lower legform to bumper test, respectively [22]. 
The direction of the impact shall be parallel to the longitudinal axis of the vehicle 
and the impactor centre line has to be between the UBRL and the LBRL with a 
±10mm tolerance. Its principal characteristics are defined as that “the impact 
speed is of 40km/h, the maximum dynamic knee bending angle shall not 
exceed 21°, the maximum dynamic knee shearing displacement shall not 
exceed 6.0 mm, and the acceleration measured at the upper end of the tibia 
shall not exceed 200 g” [2] [22]. 
The upper legform to bonnet leading edge test is carried out a minimum of 
three times on positions judged to be the most likely to cause injury, one in each 
third of the BLE with the requirement of that the selected points shall be a 
minimum of 150mm apart, a minimum of 75mm inside the defined corner 
reference points and with a kinetic energy exceeding 200J [22].  
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Regulation No 631/2009 defines that “the upper legform impactor shall be 
aligned such that the centre line of the propulsion system and the longitudinal 
axis of the impactor are parallel to the longitudinal vertical plane of the vehicle 
to be tested. The tolerances to these directions are ± 2°. At the time of first 
contact the impactor centre line shall be coincident with the bonnet leading 
edge reference line with a ± 10 mm tolerance, and laterally with the selected 
impact location with a tolerance of ± 10 mm” as it is shown in Figure 2.7 [22].   
 
Figure 2.7 Upper legform to bonnet leading edge tests [22] 
Moreover, regulation No 78/2009 establishes that the principal characteristics to 
be ensured are that “the test is performed at an impact speed up to 40 km/h. 
The instantaneous sum of the impact forces with respect to time should not 
exceed a possible target of 5kN and the bending moment on the test impactor 
shall be recorded and compared with the possible target of 300Nm” [2]. 
The impact speed of the test rises from 20km/h (5.56m/s) to 40km/h (11.1m/s) 
depending on the BLE height and bumper lead, as it is shown in Figure 2.8. 
To find the correct impact speed it is 
necessary to interpolate horizontally 
between curves.  
For configurations below 5.56m/s the 
test has to be held at 5.56m/s and also, 
for configurations above 11.1m/s the 
test has to be done at 11.1m/s. In the 
case of having negative bumper lead, 
the test is done as for 0mm and also, for 
bumper leads above 400mm, the test 
has to be done as for 400mm [22].   
As shown in Figure 2.9 (left), the 
direction of impact of the test is determined depending on the BLE height and 
bumper lead values, where A corresponds to 0mm, B to 50mm and C to 150mm 
bumper lead [22].    
Figure 2.8 Velocity of upper legform to 
bonnet leading edge tests [22] 
 12 
To find the correct angle of impact it is necessary to interpolate vertically 
between curves. In the case of having negative bumper lead, the test is done as 
for 0mm; for bumper leads above 150mm, the test has to be done as for 
150mm and for BLE heights above 1050mm, the test is done as for 1050mm 
[22].   
The total mass of the upper legform impactor is calculated by reordering the 
kinetic energy equation as shown in Equation 1, which energy calculation is 
shown in Figure 2.9 (right), where A corresponds to 0mm, B to 100mm and C to 
150mm, D to 250mm and E to 350mm bumper lead [22].                                                                             
         
Equation 1 Total mass of upper legform using kinetic energy equation [22] 
To find the correct kinetic energy of impact it is necessary to interpolate 
vertically between curves. For configurations with required kinetic energy below 
200J the test is not required, but for ones above 700J, the test has to be held at 
700J [22].   
 
In the case of having a bumper lead below 50mm, the test is done as for 50mm; 
for bumper leads above 350mm, the test has to be done as for 350mm and for 
BLE heights above 1050mm, the test is done as for 1050mm [22].   
 
 
Figure 2.9 Angle of upper legform to bonnet leading edge tests with respect to vehicle 
shape (left) and Kinetic energy of upper legform to bonnet leading edge tests with 
respect to vehicle shape (right) [22] 
2.3.4.2  Euro NCAP  
Euro NCAP is a European car safety performance assessment programme that 
since 1997 is supported by seven European Governments as well as motoring 
and consumer organisations in every European country.  
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It is responsible for the organisation of crash-tests and it provides motoring 
consumers with a realistic and independent assessment of the safety 
performance of some of the most popular cars sold in Europe. As a 
consequence, it has encouraged safety improvements for new car design [28]. 
The Euro NCAP tests provide scores in four areas, which are adult protection, 
child protection, pedestrian protection and safety assist. Since 2009, an overall 
score is calculated by weighing the four scores in order to ensure that 
manufacturers do not underachieve one area if they want to obtain a good 
score. Before 2009, the safety assist was not rated and there were only three 
areas, which were independently scored from the others. As a consequence of 
not having an overall score, car manufacturers were allowed to ignore some 
areas and only focus on one of them, which was normally the adult protection. 
This feature affected directly the pedestrian protection, which obtained really 
low marks [29].  
The relevance of Euro NCAP is shown in the significant correlation of their 
rating with the injury outcome in real-life car-to-pedestrian crashes. 
Furthermore, the Euro NCAP pedestrian test in the particular case of a typical 
SUV and other vehicles that have a higher weight than 2500kg remains in that 
they have to realize the tests because there is no weight restriction as occurs in 
the regulations of the EC [21] [27]. 
The Euro NCAP upper legform to bumper and upper legform to bonnet 
leading edge tests have the same characteristics as previously mentioned in 
Section 2.3.4.1 EC regulations and accordingly is based on the impact velocity, 
angle of impact and kinetic energy in order to overcome the test with the usage 
of the same graphs, which are Figure 2.8, Figures 2.9 (left) and Figures 
2.9(right), respectively [23]. 
 
The star rating for the pedestrian protection is distributed as zero stars when 
the mark obtained is of zero points, one star for 1 to 9 points, two stars for 10 to 
18 points, three stars for 19 to 27 points and four stars for 28-36 points [30] [31]. 
Figure 2.10 shows the distribution of the available points depending on the 
nature of the impactor and the year of when the test is held. 
 
Figure 2.10 Pedestrian safety Euro NCAP point distribution over the years [32] 
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2.3.4.3 New test proposals 
In October 2012, ACEA (European Automobile Manufacturers Association) 
proposed to change the upper leg to bonnet leading edge test because they 
considered that the position of impact based on the EC regulations and Euro 
NCAP test are not realistic for SUV due to its height. It also deals with a 
decrease of the energy to 440-460J instead of the 700J that are actually used in 
the Regulation No 631/2009 and Euro NCAP test.  
The Euro NCAP and ACEA have still to agree a final proposal with an agreed 
method and consequently its expected introduction timing is to be January 2015 
[32].  
The procedure to define the impact position starts with the 930mm WAD 
marking along width of the vehicle and follows with the bumper cover remove.  
Then, it is necessary to measure the height of the modified upper bumper 
reference line (MUBRL) along width of the vehicle, which is extended forward 
from top surface armature, and to reassemble the bumper cover in order to 
project the MUBRL onto its surface [32]. 
The next step is to mark the modified leading edge reference line (MLERL) with 
the marking tool, as it is shown and explained in Figure 2.11, along width of 
vehicle up to corner reference points in order to then be able to mark the grid 
points every 100mm in carline along MLERL up to corner reference points as it 
is shown in Figure 2.12.  
 
Figure 2.11 Toyota proposal mark test point [32] 
 
 
Figure 2.12 Mark grid points [32] 
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Moreover, it is necessary to take into account that grid points less than 50mm 
from the corner reference points shall be deleted and that if the adjacent grid 
point to the deleted point distance is bigger than 75mm from corner reference 
point, an additional point may be added 50mm inboard of the corner reference 
point [32].  
Once the grid points are marked, the following step is to measure the MLERL 
vertical distance to ground at each grid point. Depending on the obtained value, 
it is defined one of the three test possibilities: 
 
 If the distance is over 850mm, this means that it is conduced the pelvis test, 
which uses an 11.1Kg impactor and record the force [32]. 
 
 If the distance is between 650mm and 850mm, this means that it is 
conduced the femur test, which requires an 11.1Kg impactor that with and 
scaled velocity achieves an equivalent energy of 7.5Kg impactor. For that 
test, it is necessary to record the force and the bending moment [32]. 
 
 If it is below 650mm, this means that it is not required any test and the 
vehicle obtain the six available points for the upper legform [32]. 
 
For each grid point measure it is necessary to measure the MUBRL vertical 
distance to ground, the bumper lead and the distance between MLERL and 
MUBRL (L1) for both pelvis and femur tests, as it is shown in Figure 2.13, in 
order to generate the test conditions with a calculator input and to test the 
MLERL grid points. However, for the femur test is also necessary to measure 
the angle θ, because for the pelvis test it is self calculated [32].  
 
Figure 2.13 MLERL Marking 
Finally, there exists another proposal from ACEA, but it is similar to the previous 
one. The differences between the both ACEA’s proposals and Euro NCAP 
actual upper leg to bonnet leading edge impact point is shown for a typical SUV 
in Figure 2.14 [32]. 
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Figure 2.14 Upper legform impacts to BLE based on Euro NCAP (green), first ACEA’s 
proposal (pink) and second ACEA’s proposal (yellow) impact points on a typical SUV [32]  
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2.4 Injury parameters  
It is really important for obtaining a successful pedestrian safety test to have a 
direct relationship with biomechanics studies. These standardised tests are 
used to evaluate vehicle countermeasures to reduce pedestrian injury [19].   
In this particular study, the subsystem that is employed for the assessment 
testing of pedestrian-to-headlamp impact is the upper legform impactor, which 
is a representation of the pelvis and the femur bones. It is possible to notice in 
Figure 2.15 (left) that the most common pedestrian injury is the lower limb 
trauma, while head injury is the responsible for most pedestrian fatalities. 
During crash situations, lower limbs are highly loaded producing joints damages 
and failures of the bones. Figure 2.15 (right) shows the distribution of these 
bones in a human skeleton in order to have a better understanding of which 
bones are involved in this kind of pedestrian impact [19] [33] [34].     
                   
Figure 2.15 Distribution of pedestrian injuries in pedestrian-vehicle crashes in US in year 
2000 (left) and human skeleton (right) [19] [33] 
Lower limb injuries do not normally lead to pedestrian death, but they are 
responsible for producing great inconvenience to the daily life by causing some 
serious injuries that can result in life-long disability. Moreover, bone quality and 
pedestrian stature are critical characteristics to injury outcome, but these 
features are not considered by the current test protocol [35] [36]. 
For a better understanding of injuries that affect the lower limb, it is necessary 
to separate them into pelvis injury and femur injury and only focus on them 
because they are the ones that are involved in this study.  
Pelvic injuries generally induce fractures of the ilium, which result from the 
axial forces of the leg and femur during the contact of the body with the bumper 
and leading edge. It is assumed that 10kN is the threshold value for the ilium 
breakage [37] [38]. 
Femur injury is common in pedestrian vehicle collisions where most 
pedestrians suffer them as a result from impact with the frontal leading edge of 
a car. The most serious injury is the fracture of the femur, which threshold 
breaking value is stipulated to be an impact force of 4kN and a bending moment 
of 220 Nm [37] [38]. 
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The suggested tolerance for femur load for the 
50percentile male is 10kN and for the 5percertile 
female is 6,8kN. Figure 2.16 shows the injury risk 
curve for femur loads, where it is possible to 
observe that the femur load of 10kN in the 
50percentile male corresponds to 35% risk of 
sustaining an Abbreviated Injury Scale (AIS)>=2 
injury [39].  
 
 
Furthermore, EC regulations and current Euro NCAP also stipulate their legal 
injury parameters, which for the case of the upper legform impactor described 
by EC regulations are of that “the instantaneous sum of the impact forces with 
respect to time shall not exceed 7.5kN and the bending moment on the test 
impactor shall not exceed 510 Nm” for the impact test of upper legform to 
bumper and that “the instantaneous sum of the impact forces with respect to 
time should not exceed a possible target of 5.0kN and the bending moment on 
the test impactor shall be recorded and compared with the possible target of 
300 Nm” for the upper legform to bonnet leading edge. Euro NCAP 
requirements are shown in Table 2.1, where Ft corresponds to the 
instantaneous value of the top load transducer and Fb is the instantaneous 
value of the bottom load transducer [2][23].  
 
 
Table 2.1 Pedestrian impactor threshold values for upper legform [23] 
Finally, to corroborate even more that the reduction of fatalities was achieved by 
vehicle design improvements as shown in Section 2.2.2, it is possible to 
observe in Figure 2.17 that the actual values obtained in recent cars 
dramatically reduced the impact frequency of pelvis fractures and almost 
eliminate the femur fractures [4].   
                                              
Figure 2.17 Frequency of pelvis/femur fractures of pedestrians older than eleven years[4]  
Figure 2.16 Injury risk curve for femur 
loads [39] 
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2.5 Headlamp 
As the impact experienced in this study is with the headlamp of a typical SUV, it 
is important to conduct a thorough understanding of the regulations that affect 
the headlamp design and material requirements in order to propose valid 
improvements about the headlamp towards pedestrian, because they are highly 
constrained by Europe regulations.    
2.5.1 Material and design requirements regulations 
The main headlamp regulations are the Regulation No.48 and the directive 
76/756/EC, both of them provide special attention to the installation of lighting 
and lighting signalling devices. The other regulations are ECE R98, ECE R112, 
ECE R113 and ECE R123 [40][41][42].  
The main specifications of a headlamp are summarised as that the material 
shall not break, delaminate, change the colour or lose its optical properties 
during the regulated tests. It also has to offer a low adherence to dirt adhesives 
and its geometric visibility angles are established as 80º outwards for the 
horizontal angle and in the case of the vertical angle as 5 º above and 20º 
below the horizontal [40].  
Jaguar Land Rover specified their requirements among the studied headlamp 
because nowadays they are using xenon projector instead of the halogen plus 
reflectors that used to be used. As a rule, this projector has to have more than 
30mm clearance from the lens and it is important to know that there is a very 
limited movement of the lamp because the housing is fixed and only allows 
deformation of the lens and the joints. Apart from this, the material thickness 
combined is from 3.5mm to 5.5mm. Finally, the resonant frequency of lamp on 
mounting has to be higher than 50Hz.  
2.5.2 Improvements 
As the deformation path depends on the maximum permissible force and the 
amount of impact energy absorbed by the headlamp, the improvements 
proposed have to take into account the fact that the impact force can be 
reduced by predetermined breaking points in the casing by a reduction of the 
structural stiffness and by an optimised connection between the casing and 
cover lens. Moreover, the cover lens should not break because they can cause 
cuts to pedestrians [43].  
Having in mind the above statements and European regulations, a future 
parametric study is required over three selected modifications due to its 
simplicity and their compliance of the previously mentioned regulations. These 
solutions are basically a modification of the material thickness in selected areas, 
a modification of the boundary geometry of the edges and by creating a non-
linear model by adding springs on the attachment points. 
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2.6 Modelling of pedestrian impact 
One of the main objectives of the crash tests is to determine the parts of the 
vehicle where an acceptable safety level is achieved. It goes without saying that 
every test has very high cost and that before conducting them, it is necessary to 
be totally sure of the model to test. For that reason, FE analysis models gained 
an important relevance during the last years as saving money and shortening 
development time because of the possibility to discover and solve problems 
before attempting the real crash test [44]. 
2.6.1 Benefits and limitations of simulation FE models 
FE has numerous advantages, as for example in that they are applicable to any 
field problem, there is no geometric restriction, the boundary conditions, loading 
and material properties are not restricted, the components can be combined 
and approximation can be improved by mesh refinements [45]. 
As one might expect, FE analysis apart from the previously mentioned 
advantages has some limitations. The main one is that simulation models are 
only useful when a correlation between the model and reality exists.  
For a verification and validation of the simulated model, it is previously 
required to understand the difference between these terms that are commonly 
confused. In brief, these definitions express that verification is more used as 
accuracy and validation as relevancy. Their definitions are in Appendix A.4 [44].     
Both previously mentioned terms used in common with sensitivity and relevancy 
are key parameters to successful models, because the computer model can be 
measurably accurate, realistic and verifiable, but it can be dramatically invalid if 
the prediction that provides is not accurate [44].     
Another factor that highly interferes in the results is the quality of the mesh 
that is applied to the model.  Numerous studies and guidelines are based in the 
mesh phenomena explaining all the particularities among the mesh types and 
FE models theory [46]. 
2.6.2 Non-linear FE model analysis 
A crash test is defined as a dynamic and non-linear analysis phenomenon due 
to the change of stiffness, geometry and the contact areas involved during the 
impact. The two main and widely studied approaches to non-linear dynamic 
problems are the explicit and implicit method. 
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The explicit method is based in the usage of external and internal stress 
balance in order to determine the stiffness at different time steps. As it is shown 
in Figure 2.18, the displacement of the node n2 at time level t+t is determined 
by the displacement at nodes n1, n2 and n3 at the time t. Each equation is 
solved in-turn for each node in the mesh. The biggest advantage of the explicit 
method is the computation rapidity. The key parameter in this method is the 
time step and its stability and reliability remains in its control by energy 
equilibrium for kinetic energy and work done [47] [48].    
 
Figure 2.18 The explicit method principle [48] 
The implicit method is used with large time steps. It approximates the stiffness 
during deflection basing it in energy preservation and deflection rate. This 
method is used for relatively simplicity and slow collapse problems. As it is 
shown in Figure 2.19, the displacement of the node n2 at time level t+t is 
determined by the displacement at nodes n1, n2 and n3 at the time t and also 
by the unknown n1 and n3 displacements at t+t. In that case, the equation 
system is solved for each time step using matrix algebra, as for example matrix 
inversion [47] [48]. 
  
Figure 2.19The implicit method principle [48] 
Since the duration of a typical pedestrian impact is not of more than one 
second, the most relevant method to apply in this study is the explicit one due to 
its characteristics and definition. 
2.6.3 LS-DYNA software 
The software that is employed in this study is LS-DYNA, developed by 
Livermore Software Technology Corporation (LSTC). As for a complete analysis 
a pre-processor is required in order to prepare the input data, which is referred 
to the geometry, material properties, loads, boundary conditions and meshing 
and a post-processor for analyze the results graphically. The selected ones are 
HYPERMESH, PRIMER and HYPERVIEW for their availability at Jaguar Land 
Rover (JLR) headquarters, where the simulations were conducted.  
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2.7 Summary 
World road traffic fatalities will continue to increase in future years and one of 
the most affected groups are pedestrians.  A reaction is needed from 
governmental organisations in order to increase their safety in collaboration with 
vehicle manufacturers. This reaction takes the form of a series of regulations 
and test procedures that encourage car manufacturers to improve safety by 
developing pedestrian-friendly vehicles. Other main factors requiring to be 
improved are safety education and road infrastructure. 
Crash tests are held to determine the parts of the vehicle where an acceptable 
occupant safety level and pedestrian are achieved, but due to the difficulty of 
the assessment of a pedestrian impact with the usage of a full dummy, it is 
necessary to use three subsystem impactors. The upper legform impactor 
represents the pelvis and the femur bones, which not normally lead to 
pedestrian death but they are responsible to produce serious injuries that can 
result in life-long disability. 
To proposed headlamp improvements, it is important to previously understand 
their design and material requirements regulations because they are highly 
constrained by European regulations.    
FE analysis models are relevant saving money and shortening design time 
methods because of the possibility to discover and solve problems before 
attempting the real crash test. These computer simulations have to be highly 
correlated with reality in order to produce relevant results. 
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3 METHODOLOGY 
Once the context of the study is identified and defined, the natural following step 
is to establish a progressive approach to a solution in order to improve the 
pedestrian-headlamp aggressiveness. 
For success with the progressive approach it is necessary to divide it into 
different stages that have to be completely done step by step. Some of them 
can be done in parallel and others are a direct consequence from the previous 
step, but the important feature is that all of them have to be held for completing 
the study. The different stages in which this pedestrian safety study is held are 
exposed in a task list, flow diagram and Gantt chart. 
3.1 Task list 
These different stages are explained below: 
1) Gather all the relevant information possible from pedestrian impact papers, 
books and previous thesis in order to conduct a thorough literature review 
based essentially in the statistics of pedestrian accidents, the evolution in 
Europe of the regulations from the beginning of the sixties to the actual ones 
and test procedures, which are explained in detail. Moreover, a particular 
attention is held over the identification of the different types of pedestrian 
injuries and all the regulations that involve the headlamp in order to ensure 
that the proposed solutions are allowed.   
                                                                      
2) Obtain a full understanding of the finite element software that is employed in 
this study, which is LS-DYNA with HYPERMESH, HYPERVIEW and 
PRIMER. For success in this task, it is necessary to complete the tutorials 
and practice from basic standard examples to more advanced ones for the 
studied problem. For that reason, some simplifications are made. 
Furthermore, it is necessary to be conscious of the limitations that the 
software has, the problems that it can return and that simulations lose their 
validity if a correlation with reality is not conducted.  
 
3) Create a material card of the polycarbonate used in a real JLR vehicle 
headlamp for characterizing it into the software. At this stage, it is necessary 
to extract some material samples by cutting the lens provided by JLR and to 
conduct a tensile test to extract the response of the material at different 
velocities and loads. This data is obtained with the use of an extensometer 
and it needs to be transformed to the different strains and stresses curves. 
 
 24 
4) Create a F.E assembly model with the headlamp, impactor and foam. It is 
necessary to introduce in PRIMER software the CAD (Computer Aided 
Design) model of the headlamp provided by JLR, which is ready to use 
except for the polycarbonate material properties. The FE model of the upper 
legform impactor and the foam must be created to complete the assembly. 
The most difficult problem of this task remains in that the behavior of the 
foam used in the impactor is really difficult to control due to its properties 
variance with relation to external factors such as humidity and temperature.  
 
5) Simulate correct impact tests in order to monitor the behavior experienced 
by the headlamp. These tests follow the established regulated method due 
to the characteristics of the vehicle that is under evaluation. 
 
6) Design and build a simplified crash test structure for the realization of real 
crash tests with an upper legform impactor impacting to the headlamp. The 
structure designed is a pendulum rig and these tests are conducted at low 
impact energy for several construction and safety reasons. 
 
7) Conduct a CAE analysis by correlating the simulations and pendulum test rig 
impact force results. Propose a model improvement in the case that the 
results obtained from a real crash test are non-acceptable due to its 
difference. It is necessary to obtain a model that accomplishes the terms 
with an acceptable error value. 
 
8) Once all the previous tasks are completed, the last stage is to propose and 
suggest design improvements on the headlamp respecting the regulations. 
These improvements are a modification of the thickness, geometry and by 
creating a non-linear model by adding springs on the attachment points. 
3.2 Gantt chart 
The best way to plan the project is to prepare a Gantt chart with some deadlines 
that have to be respected in order to accomplish the objectives proposed, apart 
from having regular meetings with the supervisor.  
It is important to understand that these dates are a guide subject to changes 
due to unexpected difficulties experienced during both the pedestrian study with 
the software and the realization of the experimental tests.   
The final Gantt chart is shown in Appendix B.1. It is presented in two views: a 
tabled view by identifying the duration day with the dates and in a graphic view 
way by using bars, respectively.  
 25 
3.3 Flow diagram  
A better perception of the different stages of the project is obtained by defining 
a flow diagram with boxes at different levels. The previously explained stages 
and steps in which the thesis methodology is divided are shown in an easier 
visualization way in Figure 3.1. 
 
 
Figure 3.1 Methodology flow diagram 
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4 MATERIAL CHARACTERISATION 
In order to conduct realistic numerical simulations and, as a consequence, to 
obtain valid results, it is extremely necessary and important to characterise the 
materials that are employed.  
The characterisation of the polycarbonate (PC) properties, which is used for the 
headlamp, is conducted to verify that it has the same properties as the currently 
used for simulations in JLR. However, the rest of materials employed in the 
simulation model are implemented directly from the material cards used in JLR.  
4.1 Polycarbonate of the headlamp 
To characterize the polycarbonate of the lens, it is necessary to extract some 
material samples, which are done by cutting the lens provided by JLR, and to 
conduct a tensile test in order to obtain the data from the specimen. 
Nevertheless, it is also important to be familiarised with the PC properties and 
to conduct a thorough reading about the characterisation results obtained in 
previous thesis and studies.  
4.1.1 Properties 
The polycarbonate is a thermoplastic polymer that contains carbonate groups. It 
is a durable material, even though it possesses a high impact-resistance and a 
low scratch-resistance. That is the reason why a hard coating is applied to the 
exterior polycarbonate automotive components [50].  
The characteristics of the PC are similar to the Polymethyl Methacrylate 
(PMMA), but the PC is stronger, usable over a greater temperature range and 
more expensive. Moreover, it is highly transparent to visible light and has better 
light transmission than many other kinds of glass [50].   
PC composition is shown in Figure 4.1 and its main characteristics in Table 4.1.  
  
Figure 4.1 Polycarbonate chemistry composition [50] 
 
Table 4.1 Polycarbonate properties [50] 
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4.1.2 Conclusions from previous thesis 
In the Cranfield University thesis “Improvement of a car headlamp’s behaviour 
during a pedestrian impact”, a material characterisation of the same JLR 
polycarbonate and a correlated simulation with LS-DYNA was conducted. This 
correlation was held in order to define a representative material card [51]. 
The main issue that found this characterisation is the fact that the thirty-three 
specimens used were extracted from three Jaguar XJ headlamps. 
Unfortunately, only two specimens per headlamp were flat. This was a 
disappointing fact in terms of material characterisation but a positive case to 
conduct a study of the curvature and the degree of inclination effects. Moreover, 
a strain rate dependency, headlamp dependency factor, material LS-DYNA card 
selection between *MAT_24, *MAT_89 and *MAT_123 and the influence of the 
material meshing were also studied. 
The first conclusion was that the headlamp dependency is dismissed because 
the results of a location and speed repeatability test provided 5% maximal 
discrepancy over the ultimate strength value [51].   
The influence of the inclination was proved and it could be stated that the PC is 
an isotropic material. The maximum stress values were obtained for the 0º 
inclination specimens and the ones with ±45º inclinations. As a conclusion, the 
curvature dependency did not seem to be a main influence [51].  
The hypothesis of the strain rate material dependency behaviour was confirmed 
by plotting the true stress versus the true strain curve for the same location 
specimens at three different velocities. It showed that increasing the test speed, 
the ultimate strength also increases [51]. 
Finally, the selected LS-DYNA material card was the MAT_123 and the 
meshing study with different number of elements per sample provided 8% 
maximal discrepancy [51].  
In brief, based on these affirmations, it is possible to assert that the PC used in 
JLR headlamps is isotropic, not headlamp dependent, not mesh sensible while 
characterising it with MAT_123 and has strain rate dependency.   
4.1.3 Tensile test  
The tensile test is the most common method of material testing. The tensile test 
machine measures the applied load and the extension of the test specimen 
within certain time steps. There are two kinds of machines, which are force or 
displacement controlled. Moreover, there are different kinds of tensile 
specimens, but the two more generally used are the round bar for bulk material 
and the flat dog-bone for sheet products [52].  
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As PC is sheet material, the studied material characterisation requires a tensile 
test machine with flat dog-bone specimen, whose principal specifications are 
shown in Figure 4.2, where Lt is the total length of the specimen, Ld the 
deforming length, Lo the gauge length, Wt the total width, Wo the gauge width, 
R the radius of fillet and T the thickness of the specimen [52] [53].  
 
Figure 4.2 Dog-bone specimen specifications 
The specimens are tested over different velocities in order to ensure that PC is 
strain rate dependent. Equation 2 is used to determine the strain rate, where v 
is the applied velocity to the specimen. 
 ̇  
 
  
  
  
 
 
  
  
Equation 2 Strain rate [52] 
In the studied case, the tensile test machine has a 5kN maximum load and it is 
set up with three different velocities, as shown in Table 4.2. The data is 
recorded following both, the sample time step and when the machine reaches a 
12.5N difference. Furthermore, specimen dimensions are specified in Table 4.3 
and the tensile test procedure is shown in Figure 4.3. 
 
Table 4.2 Tensile machine set up 
 
Table 4.3 Polycarbonate specimen specifications [51] 
 
Figure 4.3 Tensile test machine (left), specimen grab (middle) and test procedure (right) 
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4.1.4 Extraction of the specimen 
A total of 16 specimens were cut from five typical SUV polycarbonate lens, 
provided by JLR. In order to avoid damaging the specimens while cutting the 
lens, the DMG department was in charge of extraction, which was done with a 
milling cutter. 
A difference with previous studies is that two specimens per headlamp are flat. 
Six extra slightly curved specimens are extracted from the same lens. The 
location of the specimens is shown in Figure 4.4 and as it is possible to 
observe, four aluminium plates are glued per specimen in order to grab them 
with the tensile test machine. 
 
Figure 4.4 Specimen locations over the typical SUV headlamp 
4.1.5 Data extraction 
The tensile test machine provides data of the strain caused by applying a load 
within a certain time. With this data, the first thing to do is to calculate the 
engineering strain and stress. This is done by applying to the Equation 3 and 
Equation 4. L is the extension given by the extensometer and Lo is the initial 
length of the extensometer gauge for the engineering strain.  F corresponds to 
the load applied to the sample and A is the cross-sectional area of the 
specimen for the engineering stress [52]. 
             
  
  
                         
 
 
 
Equation 3 Engineering strain [52]         Equation 4 Engineering stress [52] 
It is really important to take into account that the engineering stress and strain 
cannot be directly introduced in a FE model, and therefore they have to be 
transformed to the true strain and stress. Their formulas are represented in 
Equation 5 and Equation 6 [52]. 
        (              )                        (              )  
             Equation 5 True strain [52]                              Equation 6 True stress [52] 
The following step is to calculate the Young’s Modulus by Equation 7, and the 
maximum stress corresponds to the maximum value of the true stress [52].     
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Equation 7 Young’s Modulus [52] 
Finally, it is necessary to clean and retain the relevant points, which are 
between the start of the traction until where the specimen reaches its maximum 
stress value. 
4.1.6 Analysis of the results 
The recorded data of four specimens (1A, 2A, 3A and 5B) of the sixteen tensile 
tests cannot be used in the material characterisation of the PC and the reasons 
are explained in more detail in Appendix C.1.  
4.1.6.1 Strain rate dependency 
In order to prove that PC is a strain rate dependent material, the correct method 
is to plot the true stress versus true strain curve for the same specimen location 
at the three different conducted velocities. The problem deals with the 
impossibility of having three velocities for the same specimen location due to 
the lack of 1mm/min velocity of A (1A, 2A, 3A) sample and 100mm/min B (5B) 
specimen. For that reason, specimens 1B, 1E and 1F were used to prove it 
because the curvature of the specimens do not affect the result as 
demonstrated in previous studies and in Section 4.1.2. 
As it is possible to observe in Figure 4.5, the true stress values increase when 
the test velocity increases. The maximum stress value difference between the 
quasi-static case and the middle velocity is 5.3% and 4.1% between the 
10mm/min velocity and 100mm/min. In the same way, the Young’s Modulus 
discrepancy between the same samples is 17.3% and 12.9%, respectively.  
These results prove strain rate dependency of the PC.  
  
Figure 4.5 Strain rate dependency over headlamp 1 specimens 
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4.1.6.2 Young’s Modulus and maximum stress 
To characterise the PC data with a LS-DYNA card, the mean Young’s Modulus 
and maximum stress values over the non-rejected specimens are calculated 
and shown in Table 4.4. The rest of values are shown in Appendix C.2.    
 
Table 4.4 Young’s Modulus and maximum stress mean values 
The mean value results confirm that the maximum stress value is between the 
properties limits, as shown in Table 4.1. However, the mean Young’s Modulus 
did not match the theoretical values (2-2.4 GPa), even though it is similar to the 
Cranfield University thesis “Improvement of a car headlamp’s behaviour during 
a pedestrian impact” value (1107.8 MPa), from which the specimen dimensions 
of Table 4.3 were directly extracted [50] [51]. 
For that reason, a thorough study is required because the huge difference of 
Young’s Modulus value can be caused by the specimen dimensions. 
4.1.6.3 Specimen study 
As it is possible to observe, the specimens experience a diagonal groove that 
initiates the break. According to the failure line orientation, it is possible to 
assert that the failure is by shear. The tensile test evolution for specimen 1E is 
shown in Figure 4.6 and two more specimens at different velocities are shown 
in Appendix C.2. 
 
Figure 4.6 1E specimen tensile test at 10mm/min velocity 
The specimen experienced the maximum stress in the middle of the gauge 
width, where it has a high stress raise, this is what causes a break expand to 
the edges where it fails. Furthermore, the radius of the fillets is too small and 
has microgrooves as the specimen was not polished after being cut, and as a 
consequence, the break starts in these edge grooves.   
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A tensile test specimen needs to provide to its gauge the freedom to experience 
a sort of elongation, for being able to plot the strain versus stress curves. The 
problem is that these employed specimens break too early and they do not 
have the chance to experience the elongation. 
For these reasons, the specimen design is not appropriate for the PC 
characterisation. The radius has to be bigger in order to provide a slighter 
transition between the gauge and the clamps. A more appropriate design is 
shown in Figure 4.7. 
 
Figure 4.7 1E specimen tensile test at 10mm/min velocity 
Furthermore, for a correct material characterisation, the PC specimens must be 
molded instead of the use of a milling machine. If it is not possible to obtain the 
molded specimens and they are milled, it is important to polish the edges in 
order not to add imperfections to the specimen, which could affect the tensile 
test data. Another PC cut option is with laser. 
Finally, as the specimen design is not appropriate for this study, despite 
creating a LS-DYNA material card in Section 4.1.7, the PC properties used in 
the simulations were supplied by JLR. 
4.1.7 Material card for LS-DYNA 
The main objective of this section is to create a correlated LS-DYNA model of 
the PC tensile test data. The model is simulated with HYPERMESH, PRIMER, 
LS-DYNA and HYPERVIEW. 
4.1.7.1 Specimen model and boundary conditions 
The specimen is composed by three main components: the PC specimen and 
two aluminium clamps. The model is shown in Figure 4.8. 
 
Figure 4.8 Specimen geometry and mesh 
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The PC specimen model is made of shell elements and its geometry is in Table 
4.3. It is meshed using the AUTOMESH panel, which creates a mesh directly on 
its surface by following the JLR criteria card for plastic element type and by 
selecting an element size of 5. It is modelled with the *MAT_024 
*MAT_PIECEWISE_LINEAR_PLASTICITY material card. The element type 
used is ELFORM 16 and the number of integration points (NIP) is 7 [54].  
The two aluminium clamps are made of shell elements and their geometry is 
29x25mm rectangle. They are meshed using the AUTOMESH panel, which 
creates a mesh directly on its surface by following the JLR criteria card. They 
are modelled with *MAT_020 *MAT_RIGID material card. The element type 
used is ELFORM 16 and 7 NIP [54]. 
The two boundary conditions of this model are the velocity of upper clamp 
and the all degrees of freedom constraining of the lower. The initial velocity is 
defined with *INITIAL_VELOCITY control card, where all the nodes of the clamp 
have the same velocity assigned and the fixing is done by assigning a 1 value in 
CMO and a 7 in CON1 and CON2 on the *MAT_020 *MAT_RIGID Card2  [55]. 
4.1.7.2 Material card 
According to Table 4.1 and the experimental tensile test data, the material 
model validation is carried with the PC properties shown in Table 4.5. Where 
RO is the mass density, E the Young’s Modulus, PR the Poisson’s Ratio and 
SIGY the yield stress [50] [54]. 
 
Table 4.5 Material card properties 
Before conducting any simulation it is necessary to calculate the plastic strain 
for the PC, using Equation 8, in order to complete the effective plastic strain 
(EPS) with its corresponding Yield stress values as shown in Appendix C.3.  
               
     
 
  
Equation 8 Plastic strain [52] 
The numerical results provide the possibility to plot the simulated true stress 
and true strain curve, which needs to be correlated with the experimental and 
be valid for different strain rates.  
The first strain rate to match is the 100mm/min velocity and the tensile test 
specimen selected is 1F. As it is possible to observe in Figure 4.9, the 
simulated curve does not follow the same trend as the real and, as a 
consequence, an iterative method of trial and error is required until they match. 
The maximum stress value is 62.54MPa, which is 17.2% discrepancy.  
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Figure 4.9 True stress and strain curve for Specimen 1F and iteration 1 
Furthermore, an animation of the simulated tensile test is shown in Figure 4.10. 
The animation shows the effective plastic strain experienced by the specimen 
during 4.3s and it ends breaking at the same location as in the real test. 
 
Figure 4.10 1F specimen tensile test simulation  
There is no scientific method to correlate the tensile test data with the 
simulation. A material characterisation in JLR takes at least thirty iterations and 
due to the time available, it has been decided to conduct only three iterations 
and to use the PC material card provided by JLR. These three iterations are 
correlated with the 1F specimen test and are shown in Figure 4.11. 
  
Figure 4.11 PC material card correlation   
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4.2 CF45 
CF45 is used for the padding around the steel tube in the upper legform 
impactor and its material properties were supplied by JLR.  
The CF45 is polyurethane foam, highly used in energy absorption applications. 
It is one of the hardest materials to characterise because of its behaviour 
dependence. Apart from being affected by environmental temperature and 
humidity, it is also affected by the contact velocity of the impacting object. Its 
main characteristic is the high energy absorption capacity, high strain rate 
sensitivity, a complete recovery capability after impact and high temperature 
and humidity sensitivity [56]. 
Numerous studies and thesis have been done with the only objective of 
characterise the CF45 properties and it is important to state that they still do not 
find a correlated material property card for simulate it. However, a reference of 
their properties could be found in the two thesis of Cranfield University named 
“Characterisation of CONFOR foam CF45 material and research of an 
alternative material for a formula 1 headrest application” and “Characterisation 
of impact properties of CONFOR foam and alternatives for F1 application”  [57] 
[58]. 
Figure 4.12 shows the used CF45 samples in the pendulum rig impactor 
provided by JLR. They have the same dimensions as the ones used in the 
pedestrian impact test. These dimensions are explained in Section 2.3.2.  
 
Figure 4.12 CF45 sample provided by JLR  
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4.3 Conclusion 
The conclusions extracted are summarized as: 
 The material characterisation is a key factor in FE study, in order to conduct 
realistic and valid numerical simulations.   
 
 The strain rate dependency of the polycarbonate is demonstrated, as the 
maximum stress increases with the velocity.  
 
 The mean Young’s Modulus and maximum stress values over the non-
rejected specimens are 1083.08MPa and 73.23MPa, respectively. However, 
the specimen employed requires a design modification, as it was not 
correctly designed and, as a consequence, the obtained Young’s Modulus 
values were erroneous.  
 
 The specimen failure was produced by shear according to the failure line 
orientation. Moreover, the use of a milling machine affected the results by 
creating micro-grooves at the fillets.  
 
 For the creation of a correlated LS-DYNA material card it is necessary to 
conduct a trial and error iterative method, as there is no scientific method to 
directly match the curves. At least thirty iterations are required and due to 
the time available only three iterations were conducted. 
 
 Despite creating a LS-DYNA model and a material card, the decision 
adopted is to use the material card provided by JLR for conducting the 
numerical simulations. 
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5 NUMERICAL SIMULATION  
The numerical simulations represent one of the main parts of the project 
because before conducting any impact test, it is necessary to ensure that the 
model to be tested cannot put in risk the rig and the instrumentation. 
The simulations were conducted for all the study cases calculated through the 
hand calculations, which are explained in detail in Section 6.2.3 and Section 
6.2.4. Moreover, two scenarios were studied; the first one was conducted by 
fixing the headlamp to the pendulum rig base and the second one by supporting 
the headlamp directly on EPP foam. 
As the material characterisation was not conducted over flat polycarbonate 
specimens, the defined material card in Section 4.1.7 could provide inaccurate 
results. In order to avoid this issue, all the simulations are conducted with the 
PC material card whose properties were supplied by JLR.  
5.1 Components of the simulation 
The simulation model for the first scenario is composed of a basic developed 
upper legform and a typical SUV headlamp fixed. The second scenario uses the 
first simulation model with the addition of the EPP support. Their geometry, 
mesh and properties are explained in detail. 
5.1.1 Upper legform 
A basic upper legform model was developed with HYPERMESH instead of a 
direct use of the LSTC model in order to simplify the model and because of the 
time available for conducting the study at JLR headquarters.   
In order to obtain a more accurate simulation results, the first idea was to create 
an identical model to the one used in the pendulum test rig. The problem deals 
with the fact that for each impact case the length and number of ballast 
components change, which means that the model and mesh is done for five 
different impactors. Furthermore, the headlamp requires a position translation to 
match the impact point in each case. Due to the limited availability of time, a 
simplified standard impactor was decided to be modelled in order to use it in all 
the simulations by only having to modify the linear velocity and effective mass 
parameters, as explained in Section 5.2.2.  
For these reasons, the upper legform impactor is made of four main 
components: a core alloy steel cylinder, two padding CF45 sheets, a rubber 
skin cover, two point masses and a back steel plate. It has a weight of 5.0092kg 
and it is formed by a total amount of 14504 shell and 2640 solid elements. 
These modelled components are shown in Figure 5.1. 
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Figure 5.1 Impactor model components in HYPERMESH and impactor model in PRIMER   
The model of the alloy steel core cylinder is made of 1140 shell elements and 
has a weight of 0.9246kg. Its geometry has 48mm diameter, 400mm length and 
2mm thickness. It has been meshed using the AUTOMESH panel, which 
creates a mesh directly on its surface by following the JLR criteria card for 
element type and by selecting an element size 7. It is modelled with the 
*MAT_001 *MAT_ELASTIC material card and the main assigned properties are 
shown in Table 5.1. The element type used is ELFORM 2 and the number of 
integration points (NIP) is of 3 [54]. 
 
Table 5.1 Material properties for alloy steel and rubber 
The model of the CF45 padding sheets is made of 2640 solid elements and 
weighs 0.3718kg. Its geometry is made by creating a 1mm offset surface of half 
core cylinder, a 25mm offset surface that represents one sheet thickness and 
two more offset surfaces for create the second sheet. For then, extrude these 
sheets 42mm in order to match the same dimensions as the ones used in the 
real impact test, previously explained in Section 5.3.2. It is meshed using the 
AUTOMESH panel, which creates a mesh by following the JLR criteria card for 
element type and by selecting an element size 8 in the inner sheet and 16 in the 
outer. It is modelled with *MAT_083 *MAT_FU_CHANG_FOAM and a reference 
of the CF45 properties can be found in Section 4.2. The element type used is 
ELFORM 2 and the NIP is not defined [54]. 
As it is not possible to create a contact between a solid and a shell element, it is 
necessary to create a null shell element representing the CF45. It is made of 
9452 shell elements and weighs 0.3353kg. It is modelled with *MAT_009 
*MAT_NULL material card. The element type used is ELFORM 2 and 3 NIP[54]. 
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The model of the rubber skin is made of 990 shell elements and has a weight of 
0.3444kg. Its geometry is made by creating a surface over the outer padding 
sheet and it has a 1.5mm thickness. It is meshed using the AUTOMESH panel, 
which creates a mesh directly on its surface by following the JLR criteria card 
for element type and by selecting an element size of 16. It is modelled with 
*MAT_001 *MAT_ELASTIC and the main assigned properties are shown in 
Table 5.1. The element type used is ELFORM 5 and NIP of 1 [54]. 
The model of the alloy steel back plate is made of 2622 shell elements and has 
a weight of 3.0331kg. Its geometry is made to be attached to the skin and to fit 
the load cells. The plate is 148mm wide, 400mm long, 3mm thick and it has an 
L profile of 30mm in order to overlap 16mm the rubber skin. It is meshed using 
the AUTOMESH panel, which creates a mesh by following the JLR criteria card 
for element type and by selecting an element size of 7. Finally, this part is 
modelled with *MAT_020 *MAT_RIGID and the main assigned properties are 
shown in Table 5.1. The element type used is ELFORM 2 and NIP of 1 [54]. 
Finally, in order to instrument the impactor, JLR implemented the model with a 
section cut in the middle of the core cylinder modelled to read forces and 
moments about the given plane. Moreover, two beam elements that represent 
the upper and lower load cells were directly extracted from the impactor that 
JLR uses in order not to have to calibrate them. These load cells are modelled 
with *MAT_066 *MAT_LINEAR_ELASTIC_DISCRETE_BEAM and with a 
DEFORMABLE part material type. The element type used is ELFORM 6 and 
the NIP is not defined [54].  
5.1.2 Headlamp 
JLR supplied a typical SUV headlamp CAD model in order to use it in the 
simulation model and also as a dimensions guide for the pendulum rig design 
and construction. The two front headlamps were supplied but only the left one 
was used to run the simulation because it is the same one to be used in the 
pendulum rig tests. The model of the headlamp is made of 6795 shell elements 
for 6 components and weighs 1.2241kg. The PRIMER model of the 
headlamp(left), the render(middle) and its mesh(right) are shown in Figure 5.2. 
 
Figure 5.2 PRIMER model(left), render (middle) and mesh(right) of the headlamp   
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Three materials were implemented in this model. One plastic material 
represents the headlamp housing, another plastic for the lens and a steel metal 
for each attachment fixing.  
The housing is made of 4517 shell elements and has a weight of 0.5389kg. It is 
modelled with *MAT_024 *MAT_PIECEWISE_LINEAR_PLASTICITY material 
card and the main assigned properties were provided by JLR. The element type 
used is ELFORM 16 and NIP of 5 [54]. 
The lens are made of 2255 shell elements and have a weight of 0.6521kg. It is 
modelled with *MAT_024 *MAT_PIECEWISE_LINEAR_PLASTICITY material 
card and the main assigned properties were provided by JLR. The element type 
used is ELFORM 16 and NIP of 5 [54]. 
The four attachments fixing plates are made of a total amount of 23 shell 
elements and have a weight of 0.0331kg. They are modelled with *MAT_020 
*MAT_RIGID material card and the main assigned properties are shown in 
Table 5.2. The element type used is ELFORM 16 and NIP of 5 [54]. 
 
Table 5.2 Material properties for alloy steel and rubber 
The shell elements that represent plastic parts are modelled with fully integrated 
shell elements ELFORM type 16. This formulation enables to avoid hourglass 
modes and give more realistic results than under-integrated elements ELFORM 
type 2.  However, this formulation requires approximately 2.5 times more CPU 
cost [59].  
5.1.3 EPP Foam 
High density foam of 150g/l EPP is used as a support for the headlamp in the 
pendulum rig and their material properties were supplied by JLR. This material 
has high strength properties [60].  
JLR provided a 340x310x145mm EPP material block, which needs to be 
mechanized with a designed shape that fits and supports the headlamp. In 
order to mechanize the EPP foam by the DMG department, it is necessary to 
provide an A3 drawing with all the dimensions in the most representative views 
(Front, Left, and Top) and an Isometric view to have a better perception of the 
resultant piece. This drawing was created with mechanical design drafting 
option of CATIA and it is shown in Appendix D.1. This automated process is 
shown in Figure 5.3. 
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Figure 5.3 Original EPP foam(left), CATIA assembly(middle) and final support(right) 
The model of the EPP support is made of 5377 solid elements and weighs 
2.2178kg. Its geometry is created in CATIA and imported to HYPERMESH via a 
“.model” file. The first step is to edit the solid in different solids and to create 
new surfaces using the solid edit - trim with planes/surfaces panel, where it is 
necessary to select the solids to trim in SOLIDS and the surface to follow the 
trim in SURFS.  
 
Once all the solids are trimmed, the following step is to mesh it with 3D Solid 
map – general, where SOURCE GEOM - SURFACE is the surface from which 
start the mesh and DEST GEOM - SURFACE the destination surface, and 
finally it is necessary to click the EQUIV/FACES button. It is modelled with 
*MAT_057 *MAT_LOW_DENSITY_FOAM and the element type used is 
ELFORM 2 and the NIP is not defined. The previously explained meshing 
process is shown in Figure 5.4 [54]. 
 
Figure 5.4 3D Solid map meshing process of the EPP foam (HYPERMESH) 
Furthermore, in order to avoid simulations errors when the impact occurs, it is 
necessary to create a constrained frame to the ground because if not, the EPP 
foam model will bounce and translate.  
The rigid aluminium frame is made of 1692 shell elements and has a weight of 
0.996kg. Its geometry is made by creating a surface around the EPP foam and 
it has a 2mm thickness. It is modelled with *MAT_020 *MAT_RIGID material 
card and the main assigned properties are shown in Table 5.3. The element 
type used is ELFORM 2 and NIP of 1 [54]. 
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Table 5.3 Material properties for aluminium 
Finally, as it is not possible to create a contact between a solid and a shell 
element, it is necessary to create a null shell element for represent the EPP 
foam. It is made of 18134 shell elements and has a weight of 0.4956kg. Its 
geometry is made by creating a surface over the top of the EPP foam and it has 
a 1mm thickness. It is modelled with *MAT_009 *MAT_NULL material card. The 
element type used is ELFORM 2 and NIP of 1 [54]. 
In brief, the model of the EPP foam is made of 5377 solids and a total of 19826 
shells elements and it has a weight of 3.7095kg. The model and its mesh are 
shown in Figure 5.5.   
 
Figure 5.5 3D Solid map meshing process of the EPP foam (PRIMER) 
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5.2 Conditions of the simulation model 
For running simulations in LS-DYNA, some parameters, boundary conditions 
and contacts formulations have to be correctly set up in order to obtain more 
accurate and realistic results.  
Once all the parameters are introduced, the final step is to run the simulations 
to obtain the data and then post-process the results. The simulations are run by 
introducing the “.k” file as INPUT FILE and by selecting four computers (CPU) 
of power in Set command line parameters for finally click the RUN button.    
5.2.1 Contact formulations 
The main contacts of this model are the ones inside the upper legform impactor 
components, inside the headlamp and the contacts between the impactor and 
the headlamp for the first scenario and between the impactor, headlamp and 
EPP foam for the second. 
The contacts inside the upper legform impactor are modelled with 
*CONTACT_TIED_SHELL_EDGE_TO_SURFACE contact card with 
BEAM_OFFSET option type. The static and dynamic frictions are set to zero 
value. The master part is defined in the rubber skin with a set type 3 (PART id) 
and the slave to the alloy steel back pate with also a type 3, as shown in Figure 
5.6(left) [55].  
The contacts inside the headlamp are modelled with 
*CONTACT_TIED_SHELL_EDGE_TO_SURFACE contact card with 
BEAM_OFFSET option type. The static and dynamic frictions are set to zero 
value. The master part is defined to the PC lens with a set type 3 (PART id) and 
the slave to the plastic housing with a set type 4 (Node SET), as shown in 
Figure 5.6(right) [55].  
 
Figure 5.6 Master (red) and slave (green) contact for impactor(left) and headlamp(right) 
The contacts between the lens and the impactor are modelled with 
*CONTACT_AUTOMATIC_SINGLE_SURFACE contact card in the first 
scenario. The static and dynamic frictions are set to 0.2 value. Any component 
is defined as master part (set type 0) because all the components are defined 
as the slave with a set type 6 (Exempted Part SET), as shown in Figure 5.7(left) 
[55].  
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Finally, for the second simulation scenario, the contacts between the 
headlamp, the impactor and the support contact card is modelled with 
*CONTACT_AUTOMATIC_SINGLE_SURFACE. The static friction and dynamic 
friction are set to 0.2 value. Any component is defined as master part (set type 
0) because all the components are defined as the slave with a set type 6 
(Exempted Part SET), as shown in Figure 5.7(right) [55].  
 
Figure 5.7 Slave contacts components (green) for first scenario(left) and second(right) 
5.2.2 Parameters 
In order to run the simulations in a more efficient way while changing the initial 
velocity and effective mass for the different cases, four parameters are defined 
in PRIMER software. By this creation, it is possible to change the test conditions 
by only modifying the “.k” file with a text editor instead of having to access the 
software and to manually modify these values. These parameters for the 50J 
impact test are shown in Figure 5.8. 
The parameter Vel_m_s is defined as a floating point (R) and it allows to 
introduce the desired velocity value. For then, automatically calculate the 
parameter IMP_vel value in the correct units with Equation 9. 
                        
Equation 9 IMP_VEL parameter 
Furthermore, the parameter tar_mass is defined as a floating point (R) and it 
allows introducing the target mass value required for the impactor as an 
equivalent mass of the hand calculations. For then, automatically assign the 
extra mass value to the masses with the parameter IMP_vel, which follows 
Equation 10. 
         
                
      
  
Equation 10 ADJUSTMA parameter 
 45 
 
Figure 5.8 Parameters of the simulation  
5.2.3 Boundary conditions 
The two main boundary conditions of this model are the initial velocity and the 
fixing of the rigid attachments of the headlamp for the first scenario and the 
support constraint for the second one.  
In the first scenario, the four attachment points constraint of the headlamp are 
all degrees of freedom constrained by assigning a 1 value in CMO and a 7 
value in CON1 and CON2 on the *MAT_020 *MAT_RIGID Card2. CMO is 
referred to the mass centre constraint option and by assigning the 1 value 
means that the constraints are applied in global directions. CON1 is the first 
constraint parameter and the 7 value constrains the x, y, and z displacements. 
Finally, CON2 is the second constraint parameter and the 7 value constrains 
the x, y, and z rotations [54]. 
In the second scenario, the solid rigid constraint of the frame for the EPP 
foam is all degrees of freedom constrained. As in the previous case, this 
constraint is made by assigning a 1 value in CMO and a 7 value in CON1 and 
CON2 on the *MAT_020 *MAT_RIGID Card2. Finally, the four attachment 
points of the headlamp have to be no restrained [54].  
Finally, the initial linear velocity is defined with *INITIAL_VELOCITY control 
card, where all the nodes of the impactor have assigned the same velocity, as 
shown in Figure 5.9. As explained in Section 5.2.2, in order to only have to 
modify two parameters to obtain different cases, the initial velocity is assigned 
with &IMP_VEL parameter. The movement of the impactor during the impact is 
only occurring in plane XZ [55].  
 
Figure 5.9 Same initial velocity assign for all the nodes of the impactor  
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5.3 Fixed support results 
In order to avoid a correlation problem between the studied polycarbonate 
material characterisation and the one supplied by JLR, all the fixed support 
simulations are conducted with the JLR polycarbonate material properties. 
As explained in Section 5.2.2, the only two parameters to modify during the 
iterative simulation are the linear velocity and the effective mass. The values of 
these parameters are shown in Table 5.4 and are calculated in Section 6.2.  
 
Table 5.4 Hand calculations simulation specifications 
5.3.1 Low energy impacts  
The hand calculations values provided an interesting chance to study the 
differences between two different cases of linear velocity and effective mass 
that produce the same impact energy. This opportunity cannot be studied with 
the developed simulation model because it is not possible to apply an effective 
mass of 3.25kg to the upper legform impactor, which without applying an extra 
mass value weighs 5.0092kg.  
However, it could be studied by conducting the experimental pendulum test rig 
but for safety reasons and for not compromising the viability of the conductance 
of higher energy tests due to that only two real headlamps are available.  For 
that reason, the only studied case is the 50J Case 1. 
Figure 5.10 shows the checking of that the applied linear velocity via 
parameters is the desired one for the 50J Case 1 simulation, the animation of 
the impactor crashing with the headlamp and a half section of the model. 
 
Figure 5.10  50J velocity check (left), impact animation (middle) and model half section 
(right) 
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The impact animation at different crash phases is shown in Figure 5.11. As the 
complete simulation time is of 40ms, the selected time phases are at the 
beginning (0ms), half of the simulation (20ms) that is when the contact is more 
visible and at the end (40ms). 
 
Figure 5.11 50J Impact cut animation for 0ms (left), 20ms (middle) and 40 ms (right) 
Before conducting a thorough analysis of the impact data, it is possible to 
observe in the animation that the fixed supports are too weak and as a 
consequence they break, even with the 50J scenario after 24ms of simulation. 
For that reason, a modification of the support structure and method is required. 
The proposed solution is to use a block of EPP foam as support, which method 
is explained in Section 5.4. Figure 5.12 shows the broken fixed supports.  
 
Figure 5.12 50J Impact zoom animation for 0ms (left), 20ms (middle) and 40ms (right) 
The obtained results from the numerical simulation are obtained by post-
processing the “.k”, “.d3plot” and “.binout” data files with HYPERVIEW software 
into three different graphs. In order not to have to set the graphs for every 
simulation and chiefly to save a lot of time, a template is created.  
The first graph plots the kinetic, internal, sliding interface and hourglass 
energies. The initial value of the kinetic energy is important in order to ensure 
that the linear velocity and effective mass calculated by the hand calculations 
were able to provide the desired impact energy.  
The internal energy provides information about the work done inside the model 
and its graph tendency starts in zero value, for then increase it until reach its 
maximum value for finally decrease and stabilize in a steady state value.  
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The contact sliding interface energy is the total contact energy and the 
hourglass energy is referred to the measure way of the numerical energy 
inaccuracy of the integration. The ideal result is a flat line, but it is possible to 
improve it by improving the shell elements quality, for that reason it is used 
ELFORM 2 rather than ELFORM 1 because if not, the error would be higher. A 
policy in JLR establishes the criteria that for all the simulations the hourglass 
energy has not to be greater than 8% of the total energy formed by the sum of 
internal and kinetic energies. 
The second graph plots the bending moment obtained by the section cut in the 
middle of the core cylinder explained in Section 5.1.1. And lastly, the third graph 
represents the experienced impact force by the upper legform (ULEG) impactor 
in the upper and lower load cells positions.  
The first previously explained graph is shown in Figure 5.13(left), the second 
one in Figure 5.13(right) and the third one in Figure 5.14. Moreover, the 
highlighted results of each graph are shown in Table 5.5 and Table 5.6.       
 
Figure 5.13 Kinetic, Internal, sliding interface and hourglass energies (left) and bending 
moment (right) for 50J during 40ms 
 
Figure 5.14 Upper legform upper and lower load cells force values for 50J during 40ms 
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Table 5.5 50J fixed support simulation load cells results 
 
Table 5.6 50J fixed support simulation results 
The results of Figure 5.13(left) confirm that the pendulum rig dimension 
calculations were correctly conducted to obtain an impact of 50J. As one might 
expect, Figure 5.13(right) shows that the maximum bending moment is reached 
on the first contact of the impactor with the headlamp. Its value decreases until 
the next rebounds, where increases again its value for then finally decrease. 
Moreover, in Figure 5.14 is shown that both load cells follow a similar trend with 
the difference that the lower ULEG values are lower than the upper.  
Furthermore, as explained in Section 2.4, the limits for the injury parameters for 
the upper legform are 5kN for the sum of impact forces and 300Nm as 
maximum bending moment value.  It is possible to observe that in this case, the 
maxim bending moment value is 67Nm and do not reach the maxim value and 
the same occurs with the sum of ULEG impact forces, which is 1430.7N.  
These results are filtered with a CFC 180Hz filter, also known as SAE180, as 
specified in the previously explained directives in Section 2.3.2. The results with 
and without the filter are shown in Figure 5.15.  
 
Figure 5.15 SAE180 filter activated and deactivated 
The main differences are produced in the peak and valley points. The maximum 
upper ULEG value is 854.878N and the lower ULEG 676.712N, which 
corresponds to 6.6% and 26.7% discrepancy, respectively. 
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Finally, the lower energy impacts graphs for the 100J, 150J and 200J cases are 
shown in Appendix D.2. However, their highlighted values are shown in Table 
5.9 and Table 5.10.   
5.3.2 High energy impact  
The high energy impact simulation of 400J is represented by  the energy plot in 
Figure 5.16(left), the bending moment graph in Figure 5.16(right), the load cells 
force graph in Figure 5.17 and the highlighted results of each graph in Table 5.7 
and Table 5.8. 
                    
 
Figure 5.16 Kinetic, Internal, sliding interface and hourglass energies (left) and bending 
moment (right) for 400J during 40ms  
 
Figure 5.17 Upper legform upper and lower load cells force values for 400J during 40ms 
 
Table 5.7 400J fixed support simulation load cells results 
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Table 5.8 400J fixed support simulation results 
In this case, the maxim bending moment value is closer to the limit value than in 
the previous studied cases, but it is still half of this value. The sum of ULEG 
impact forces is 2996.7N, which gives a high safe margin for conduct this test. 
The fact that these values do not match the injury parameter limit values is 
because of the fact that the limit impact energy and velocity for the upper 
legform to bonnet leading edge are also higher, being 11.1m/s and 700J instead 
of the 9.35m/s and 400J contemplated in this high energy test.  
5.3.3 Summary 
All the low and high energy impacts highlight values for the 50J, 100J, 150J, 
200J and 400J are shown in Table 5.9 and Table 5.10.   
 
Table 5.9 Fixed support simulations load cells summary results 
 
Table 5.10 Fixed support simulations summary results 
It is possible to assert that the energy increment directly affects to the results, 
obtained by the load cells and the bending moment. In all the cases except the 
400J, the upper ULEG value is higher than the lower. Moreover, as higher is the 
energy, more rebounds are experienced by the impactor while impacting the 
headlamp.    
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5.4 Foam support results 
As demonstrated in Section 5.3.1, a foam support is a better solution than fixing 
the rigid attachments of the headlamp because they break, even with the 50J 
case. Moreover, this test is much more realistic than the previous one because 
JLR vehicles use this foam behind the headlamp as an absorber. The difference 
is that the density of the EPP foam employed in JLR vehicles is 30g/l instead of 
150g/l, as used in the pendulum test rig. 
5.4.1 Low energy impact 
Figure 5.18 shows the checking of that the applied linear velocity is the desired 
one for the 50J Case 1 simulation, the animation of the impactor crashing with 
the headlamp supported on EPP foam and a half cut of the model animation. 
 
Figure 5.18 50J velocity check (left), impact animation (middle) and model half cut (right) 
It is possible to observe in Figure 5.19 that in difference with the fixed case, the 
headlamp experiments a rebound made by the EPP support and, as 
consequence, a reactive force is added over the impactor. For that reason, the 
values experimented by the load cells are higher in this model.  
 
Figure 5.19 50J Impact cut animation for 0ms, 10ms, 20ms, 30ms and 40ms (left start) 
The kinetic, internal, sliding interface and hourglass energies are shown in 
Figure 5.20(left), the bending moment in the middle core cylinder section in 
Figure 5.20(right) and the experienced load by the upper legform impactor in 
the upper and lower load cells locations in Figure 5.21. Moreover, the 
highlighted results of each graph are shown in Table 5.11 and Table 5.12. 
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Figure 5.20 Kinetic, Internal, sliding interface and hourglass energies (left) and bending 
moment (right) for 50J during 40ms  
 
Figure 5.21 Upper legform upper and lower load cells force values for 50J during 40ms 
 
Table 5.11 50J EPP support simulation load cells results 
 
Table 5.12 50J EPP support simulation results 
 54 
The results of the ULEG load cells confirm that the EPP foam adds a reaction 
force by supporting the headlamp, instead of letting it fall when the rigid fix 
attachments break. It is also shown in Figure 5.14 that both load cells follow a 
similar trend with the difference that the lower ULEG values are lower than the 
upper. Moreover, the bending moment experienced is lower than in the fix case 
and it happens after, at 21ms of the simulation instead of 15ms.  
As in the fixed case, these results are also filtered with a CFC 180Hz filter and 
the results with and without filter are shown in Figure 5.22. 
 
Figure 5.22 Upper legform upper and lower load cells force values for 50J during 40ms 
with the SAE180 filter activated and deactivated 
It is possible to observe, that the main differences are produced in the peak and 
valley points.  The lower ULEG experiments the higher difference when at 23ms 
the filter provides a value of around 400N when in reality it is of 50N. The 
maximum upper ULEG value is 1021.5N and the lower ULEG 800.3N, which 
discrepancy is 17.2% and 26.7%, respectively.  
Finally, the lower energy impacts graphs for the 100J, 150J and 200J cases are 
shown in Appendix D.3. However, their highlighted values are shown in Table 
5.15 and Table 5.16.   
 
5.4.2 High energy impact  
The high energy impact simulation of 400J is represented by the energy plot in 
Figure 5.23(left), the bending moment graph in Figure 5.23(right), the load cells 
force graph in Figure 5.24 and the highlighted results of each graph in Table 
5.13 and Table 5.14. 
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Figure 5.23 Kinetic, Internal, sliding interface and hourglass energies (left) and bending 
moment (right) for 400J during 40ms 
 
Figure 5.24 Upper legform upper and lower load cells force values for 400J during 40ms 
 
Table 5.13 400J EPP support simulation load cells results 
 
Table 5.14 400J EPP support simulation results 
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The sum of ULEG impact forces is 3813.2N, which is closer to the limit value 
than in the fixed case. The reason of this difference is because the EPP foam 
adds a force by supporting the headlamp instead of letting it fall when the rigid 
fix attachments break, as previously explained. Moreover, the maxim bending 
moment value tendency is maintained to be lower than in the fixed cases. 
5.4.3 Summary  
All the low and high energy impacts highlighted values for the 50J, 100J, 150J, 
200J and 400J are shown in Table 5.15 and Table 5.16.  
 
Table 5.15 Fixed support simulations load cells summary results 
 
Table 5.16 Fixed support simulations summary results 
It is possible to assert that the energy increment directly affects all of the results 
obtained by the load cells and the bending moment, as in the fixed cases. In all 
the cases except for the 200J and 400J ones, the upper ULEG value is higher 
than the lower. Moreover, as higher is the energy, more rebounds are 
experienced by the impactor while impacting the headlamp.   
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5.5 Conclusion 
The conclusions extracted from the simulations are the following: 
 It is really important to conduct the numerical simulations before attempting 
any impact test, as they can predict the results and save a lot of experiment 
time. However, it is also really important to correlate them with the 
experimental results, in order to validate them. 
 
 In this particular study, the simulations predicted the breakage of the four 
fixed attachment points and, as consequence, the support of the headlamp 
was modified to be the use of EPP foam. 
 
 To run a FE model, it is not only necessary to define the meshed geometry 
with a material card, but also it is necessary to define the model boundary 
conditions, contact formulations and parameters.  
 
 The simulated low energy impact test at 50J using the EPP foam provides 
an upper legform impactor maximum impact force values of 871.7N and 
631.4N for the upper and lower load cells, respectively. 
 
 The use of the required SAE180 filter needs a thorough study, as the peak 
values measured experimentally by the load cells are higher. As a 
consequence, the load cell capability could be affected if the filter is not 
removed before attempting the impact test. The main differences are 
produced in the peak and valley points. The maximum upper ULEG value is 
1021.5N and the lower ULEG 800.3N, which discrepancy is 17.2% and 
26.7%, respectively. 
 
 The energy increment directly affects all of the results obtained by the load 
cells and the bending moment for both scenarios, fixed and EPP foam 
support.  
 
 The higher the energy, the more rebounds are experienced by the impactor 
while impacting the headlamp.   
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6 PENDULUM TEST RIG  
To be able to design and construct the pendulum test rig, it is necessary to 
gather materials, calculate the rig dimensions and to instrument it.  
6.1 Material available 
The first thing to do for building a rig before starting to design, it is to be aware 
of the material availability. For that reason, an inventory was held of all the 
remaining materials from previous thesis at the automotive workshop and the 
mechatronics laboratory that could be useful for the pendulum rig construction.  
To build the pendulum rig and the two bases, the principal material that is used 
is the “Valuframe” and “Flex-Link” aluminum profile system. It consists of a set 
of different rectangular profiles of aluminum bars that are joined with some 
special attachments or by drilling and bolting them together in order to achieve 
the required structure. For the rig construction, three different profiles are used.  
The steel tube for the impactor was obtained from the workshop of the School 
of Engineering and it was cut from a large cylinder with the required 
dimensions. The available materials and the steel tube cut are shown in Figure 
6.1. 
 
Figure 6.1 Available materials (left) and steel cylinder cut (right) 
In order to design the rig with CATIA software some simplifications of the 
aluminum profiles, steel cylinder and load cells are done, but a correlation of 
their mass is conducted by weighing them on scales for the real component and 
the CATIA measure inertia tool for the virtual one. The correlation of the bigger 
aluminum profile is shown in Figure 6.2.  
 
Figure 6.2 Aluminum profile material correlation 
The CAD of the aluminum profiles and their real dimensions are shown in 
Appendix E.1. Moreover, it also includes a table with the weight correlation of 
the rest of profiles, load cells and the steel tube. 
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6.2 Calculations 
In order to achieve the energy and effective mass values over the impact point 
of the pendulum rig with the headlamp proposed by JLR, it is necessary to 
develop some physics calculations involving the inertia of the parts that 
constitutes the pendulum rig and other features that can affect to the result.  
A pendulum rig is selected instead of a simple dropping weight from a specific 
height because the trajectory of the impactor is more controlled to hit in the 
selected impact point and it is also easier to build.   
The specified values for conducting the impact test as a basic recreation of the 
new crash test for upper legform impactor are shown in Table 6.1. 
 
Table 6.1 Basic crash test specification values from Jaguar Land Rover 
Apart of these values, it is also required to instrument the test with two load 
cells attached to a 50mm diameter steel tube and separated by a 310mm 
distance. This simulates the upper legform impactor as it is specified on the 
631/2009 regulation. 
Firstly, it is important to obtain a first approach to the final design dimensions. 
Some basic pendulum physics calculations are conducted, to implement them 
with the exact properties and characteristics of the parts that form it.  
6.2.1 First approach to the pendulum dimensions  
In order to have a first approach of the dimensions 
of the pendulum rig it is necessary to develop some 
physics equations making equal the potential 
energy (PE) with the kinetic energy (KE) and by 
simplifying the problem to a mass ball that 
experiences a pendulum effect attached to the pivot 
point by a rope of negligible mass, as it is shown 
at Figure 6.3.  
This is done because all the energy of the pendulum at its higher position is P.E 
(Equation 11), achieved at 90º, and when it hits the headlamp it is transformed 
to K.E (Equation 12).  
                                             
 
 
    
Equation 11 Potential Energy                   Equation 12 Kinetic Energy 
Where the PE is                           (               ) 
 
Figure 6.3 Pendulum principle 
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And, where h is                              (      ) 
By equating the PE to the KE (Equation 13), it is possible to obtain the linear 
velocity value (Equation 14):  
      
Equation 13 Kinetic Energy equal to Potential Energy 
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Equation 14 Linear velocity by equal Kinetic and Potential Energy                  
Thus, imposing a PE of 400J, it is obtained a velocity of 8.94 m/s: 
   √
     
  
      
 
 
    
Then, having the velocity, P.E and mass, it is possible to obtain the length 
(Equation 15) of the pendulum by successive calculations with the same 
equations starting with Equation 13: 
      ;    
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   (      )
  
Equation 15 Pendulum length by equal Kinetic and Potential energy 
And as for the particular case of an angle  of 90º and the previously calculated 
velocity, the length is of 4.074m: 
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Finally, this means that for achieving energy of 400J and an effective mass of 
10kg, it is necessary to have a 90º pendulum rig of approximately 4 meters long 
that will provide a velocity around 9m/s.  
6.2.2 Calculation of the inertia of pendulum components about pivot  
The inertia calculation is divided depending on the shapes of the different parts 
that form the pendulum rig. They are classified as rectangular parallelepiped, 
circular cylinder shell or contact points. 
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6.2.2.1 Rectangular parallelepiped  
The rectangular parallelepiped moment of inertia calculations are calculated 
about the pivot in the case of the long pivot bar. For the ballast and junction 
bars it is first calculated about the centroid followed by translation of the result 
to the pivot based on the parallel axis theorem.  
These calculations were calculated for solid members although using tubular 
items, due to the complexity of the profile employed. As the profile is not 
completely square, this extra material is assumed to be equal to the removed 
from the hole. 
For the calculation of the moment of inertia about the rectangular 
parallelepiped end is necessary to develop the parallel axis theorem (Equation 
16) applied to the conditions shown in Figure 6.4 (left). 
                  
Equation 16 Parallel axis theorem 
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And as      corresponds to the mass (m) the equation can be finally written as 
Equation 17.   
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}  
Equation 17 Moment of inertia about the rectangular parallelepiped end 
Indeed, in order to support the validity of this calculation, it can be written in the 
same form as in the “Dynamics” book of J.L. Meriam, where the equation for the 
rectangular parallelepiped about its end referring to the Yaxis is Equation18[61]. 
             
 
  
    
 
 
     
Equation 18 Moment of inertia about the rectangular parallelepiped end (J.L.Meriam) [61] 
                   
Figure 6.4 Moment of inertia calculation about its end (left) and centroid (right) 
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For the calculation of the moment of inertia about the rectangular 
parallelepiped centroid is necessary to develop the parallel axis theorem 
(Equation 16) applied to the conditions shown in Figure 6.4(right). 
                      
          ∫  
   
  
   (     )  
 
 
 
 
 
 
   
          ∫    {
  
  
   }   
 
 
 
 
 
 
  
             [
   
  
 
  
 
]
 
 
 
 
 
 
    {[
  
  
(
 
 
)  
 
 
(
 
 
)
 
]  [ 
  
  
(
 
 
)  
 
 
(
 
 
)
 
]}    
    {
  
  
(
 
 
 
 
 
)  
 
 
(
  
 
 
  
 
)}     {
   
  
 
  
  
}      {
  
  
 
  
  
}  
And as      corresponds to the mass (m) the equation can be finally written as 
Equation 19.                                                                                  
                                                        {
  
  
 
  
  
}  
Equation 19 Moment of inertia about the rectangular parallelepiped centroid 
Indeed, as done before in order to support the validity of this calculation, it can 
be written in the same form as in the “Dynamics” book of J.L. Meriam, where 
the rectangular parallelepiped about its centroid referring to the Y axis is 
Equation 20 [61]. 
              
 
  
 (     )   
Equation 20 Moment of inertia about rectangular parallelepiped centroid (J.L.Meriam) [61] 
The J.L.Meriam equations for the moment of inertia calculations for a 
rectangular parallelepiped are shown at Appendix E.2 [61]. 
6.2.2.2 Circular cylinder shell 
As the rectangular parallelepiped moment of inertia calculations are correlated 
with J. L. Meriam equations, for the calculation of the hollow cylinder is directly 
used the circular cylinder shell formula provided as Equation 21 [61].  
           
 
 
    
 
  
                                                                           
Equation 21 Moment of inertia about the circular cylinder shell centroid (J.L.Meriam) [61] 
Where “r” is the radius of the inner cylinder, corresponding to the hole, and the 
mass is       (     ).  
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As the centroid of this cylinder will rotate at a distance L1 from the pivot, it is 
necessary to translate this inertia to that point based on the parallel axis 
theorem, which is represented by the inertia at the centroid of the object to 
translate plus its mass multiplied by the square of the distance of its centroid to 
the pivot point (Equation 22). 
                                               
Equation 22 Parallel axis theorem explanation 
J.L.Meriam equations about the moment of inertia calculation for a circular 
cylinder shell are shown at Appendix E.2 [61]. 
Finally, applying the parallel axis theorem to the cylinder, its inertia about the 
pivot point is defined by Equation 23. 
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Equation 23 Moment of inertia of the circular cylinder shell about pivot point 
6.2.2.3 Load cells 
As the width and height of the load cells is really small in comparison with the 
other parts, they are considered in consequence as compact points. Their 
inertia about their own centroid is neglected and it is directly calculated by 
applying the parallel axis theorem. The inertia about the pivot for the top load 
cell is Equation 24 and for the bottom load cell is Equation 25. 
           (       )
            
   
Equation 24 Moment of inertia for top load cell 
                [  (             )]
  
Equation 25 Moment of inertia for bottom load cell 
Where Lload corresponds to the distance between the centroid of the top load 
cell to the end of the higher point of the pendulum (45mm), and Lcells 
corresponds to the distance between the centroid of both load cells (310mm), 
as it is shown at Figure 6.5. 
 
Figure 6.5 Lcells and Lload dimensions 
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6.2.3 High energy test  
Once the inertia equations of all the parts 
that form the pendulum rig are developed 
and all their mass and profile properties 
are defined, it is possible to calculate the 
exact dimensions via an iterative method of 
trial and error. It has three variables, which 
are the number of ballasts and the length 
of the rectangular pendulum rod (L4). 
Figure 6.6 and Table 6.2 show the different 
parts that constitute the pendulum rig. The 
cylinder tube, load cells and ballast values 
are already defined and imposed, with the 
only exception of the properties of the 
rectangular pendulum bar. 
 
 
Table 6.2 Pendulum rig generic properties 
Where all the centroid lengths from the pivot point, are written in reference to 
the L4 value. As the ballasts are 0.3m long instead of 0.4m, they have to be 
positioned as their centroid has the same height as the tube cylinder one (L1).  
The calculation of the energy, velocity and effective mass are based on the 
previously explained basic calculations with the difference of taking into account 
the inertia of the parts that form the pendulum rig in the K.E. equation and that 
the pendulum ends up in a horizontal position at the point of impact. Equation 
26 shows the KE expression for angular velocity and Equation 27 the PE for this 
high energy test.  
   
 
 
             
   
Equation 26 Kinetic Energy with angular velocity 
Figure 6.6 Pendulum rig inertias length 
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Equation 27 Potential Energy for high energy pendulum rig 
Thus, developing the Equation 3, the angular velocity is defined at Equation 28. 
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Equation 28 Angular velocity of the pivot 
Then, the linear velocity (Equation 29) is obtained by relating the angular 
velocity with the radius that the pendulum follows. In this case the radius is the 
length L1, which corresponds to the hitting point with the headlamp.  
      
Equation 29 Linear velocity of the pivot at R length 
The effective mass (Equation30) is also obtained by developing the Equation16: 
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Equation 30 Effective mass of the pivot at R length 
Equation 31 calculates the total inertia pendulum value (Ipivot) is obtained by 
adding all the individual inertias with reference of the pivot point. 
                                  
Equation 31 Total inertia of the pivot 
Moreover, all the part inertias (Equation 32) are translated by parallel axis 
method to the pivot point for the cylinder tube and ballasts. The load cells and 
the rectangular pendulum tube inertias are obtained as previously explained.  
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Equation 32 All individual pendulum rig parts inertia 
Finally, the total mass of the pendulum rig is calculated by Equation 33. 
                                    
Equation 33 Pendulum rig total mass 
An iterative method of trial and error is conducted and the obtained values that 
are close to the specified conditions by Jaguar are a rectangular pendulum rod 
of 3.9m long, three ballasts of big profile and five ballasts of medium profile. 
With these selections, the values of the velocity, effective mass and energy 
experienced on the impact point are shown in Table 6.3. 
 
Table 6.3 High energy pendulum rig properties 
Unfortunately, if it is intended to conduct a pendulum crash test with these rig 
properties, it will cause an extremely violent impact that would put severe strain 
on the rig and the instrumentation that could easily destroy it. Furthermore, the 
consequences in terms of safety are that there is a strong probability that the rig 
could break and disintegrate and this can put in serious danger to the integrity 
of the people present in the lab. For that reason, it is really important to contact 
the Cranfield Safety Officer in order to obtain their approval. Therefore, the most 
viable solution to overcome this major problem is to recalculate the pendulum 
test rig conditions in order to conduct a series of low energy tests with an 
increment of 50J between them.  
Finally, it is important to note that any results or measurements from the tests 
conducted at low energy are still totally able to correlate the study, validate and 
verify same test conditions simulations. Hence, once the correlation of the low 
energy tests is successful, it is possible to conduct the high energy test via FE 
simulations.  
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6.2.4 Low energy impacts  
As stated before, it is impossible to conduct the high energy test of 400J for 
terms of safety and instrumentation survival. For that reason, the solution is to 
conduct a series of low energy tests with an increment method of both energy 
and test conditions step by step.  
Only once the initial lowest energy test is conducted and there are no signs of 
damage over the headlamp, instrumentation, pendulum rig or the support, it will 
be the moment to increase the severity of these tests. Therefore, it is necessary 
to recalculate the pendulum test rig conditions with the same calculation method 
as for the high energy test explained in Section 6.2.3. 
The idea is to start the test impact with a low energy of 50J and then increase it 
until 200J by energy intervals of a  of 50J. Thus, the tests conditions are 
calculated for impacts at 50J, 100J, 150J and 200J.  
Each of these energy cases were attempted using five different configurations 
of ballast mass. Hence, there are twenty different available test conditions to 
obtain the desired test conditions with a different range of lengths and weights.  
As it take a lot of time to set up and conduct all these possible tests, it is 
important to establish some conditions in order to find the preferable and most 
suitable test candidates. For that reason, it is imposed four test conditions that 
have attached some colors in order to ease the selection, as Table 6.4 shows.  
 
Table 6.4 Test conditions for selection the candidates 
Appendix E.3 shows the twenty test candidates with the four selection 
conditions applied and a detailed explanation of the selection method. The five 
low energy tests shown in Table 6.5 are finally selected. 
  
Table 6.5 Selection of the five test cases 
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6.3 Instrumentation 
The instrumentation attached to the rig must be calibrated in order to have real 
and accurate data acquisition.  
The pendulum rig has two load cells, which are located over the end positions 
of steel tube with a distance of 310mm between them in order to acquire the 
sum of impact forces. 
At the beginning of the project, it was discussed with Jaguar Land Rover to also 
instrument one extra load cell located in the headlamp base in order to obtain 
the reaction force suffered by the headlamp and one strain gauge attached just 
in the middle of the steel tube to simulate the pedestrian femur in order to 
acquire the bending moment that it suffers during the impact.  
The reason for rejecting the use of the third load cell comes from its 500N 
capability. It cannot reach the simulated impact value and in consequence it 
would be damaged.  
The reason for rejecting the use of the strain gauge deals with its complexity, 
because of having to select and to order it with the special characteristics 
required for this pendulum test rig, it has to be perfectly attached to the exact 
desired position by an experienced technician. It also has to be calibrated with a 
complex method before its usage that takes a lot of time to be familiarized with.  
Moreover, once all these requirements are achieved, the next step is to connect 
it to the National Instruments (NI) data acquisition system and to create a code 
in LabVIEW in order to acquire all the data that it provides. For that reasons, the 
use of the strain gauge was rejected and it can be contemplated as a further 
work research.   
6.3.1 Definition 
A load cell is a transducer that converts mechanical force into measurable 
electrical output signals. There are many different types of load cells that 
operate in different ways. However, the most commonly used type is the strain 
gauge type. It goes without saying that strain gauge load cells use set of strain 
gauges to measure the deformation of a structural member in order to convert 
force into an electrical signal [62] [63]. 
In order to understand the operability of the load cells and to not just think on 
them as a black box with two wires for excitation and other two for output signal, 
it is necessary to first understand the theory behind the operating principles of 
the strain gauge. Strain is the fractional change in length L divided by the 
original length L, and it is modified directly proportional to the applied load as it 
is shown at Figure 6.7 [62].  
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Figure 6.7 aluminum profile material correlation [62] 
The strain gauge is the most common method of strain measuring, which 
electrical resistance changes in relation to the amount of strain received. But as 
the strain changes are dramatically small it is necessary to use to amplify the 
changes in resistance. The selected instrumentation for the strain gauges is the 
Wheatstone bridge, which is constituted by four resistive arms with an excitation 
voltage (VEX) applied through the bridge. As the load cells are normally 
composed of four strain gauges in a Wheatstone bridge configuration, this 
means that each resistive leg is active and this is known as a full bridge 
configuration. Figure 6.8 shows this configuration and the output voltage (VO) 
value of the bridge is equal to Equation 34.  
                           [
  
     
 
  
     
]       
       Equation 34 Wheatstone bridge [62]  
6.3.2 Selection 
As the price of new load cells with the desired characteristics for the perfect 
conductance of the laboratory test rig are really expensive, there was not any 
other way to instrument the impactor than with the two available load cells that 
were used in a previous Cranfield University Automotive department thesis. For 
that reason, it was not a selection chance of the load cells characteristics. 
However, their technical specifications characteristics were available. 
 A 1kN S-Beam load cell from the LoadCellShop 700 Series, which is 
designed for Tension/Compression and Bi-Directional testing. Its 
specification, electrical connections, dimensions and characteristics are 
widely explained into Appendix E.4 [64]. 
 
 A 5kN S-Beam load cell U4000 series from Maywood Instruments Limited, 
which is designed as a universal tension/compression load cell for force and 
load measuring. Its specification, electrical connections, dimensions and 
characteristics are widely explained into Appendix E.4 [65]. 
As the load cell capability is a decisive factor, the low energy tests where the 
resultant force of the simulation is lower than the 1kN load cell capability with a 
safety factor of 1.5, are conducted with the 1kN and the 5kN load cells. The rest 
of tests are conducted with the 5kN load cell and with an already dead load cell 
in order not to unbalance either impactor weight distribution or its dimensions.   
Figure 6.8 Wheatstone bridge [62] 
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6.3.3 Checking 
As the two load cells that the pendulum rig uses were 
used on previous thesis at Cranfield University, the first 
thing to do is to ensure that both work and can be 
calibrated. For that reason, before connecting them 
directly to the NI data acquisition system and calibrate 
them, the best and easy thing is to check them via DSC 
Toolkit software. As it is shown in Figure 6.9, the load 
cell connection to the computer only requires a USB 
transformer [66].  
The calibration is held with two 20N pieces, because after initializing the system 
to zero, it is also required by the software to introduce two unit output values at 
two points. Hence, the first point is held with a weight of 20N and the second 
point is held with two weights of 20N. These steps are explained in more detail 
on Appendix E.5. 
Finally, Figure 6.10 shows the result that the software returns once the load cell 
is calibrated, for 20N (left) and for 40N (right).  
 
Figure 6.10 Load cell calibration test 
6.3.4 Data acquisition 
The last step for the pendulum rig instrumentation is to implement with LabView 
software a code to read and plot all the measurements from the two load cells 
attached to the impactor. 
In order to achieve this objective, it is required and important to do the “Getting 
started with LabVIEW”, the “Hands-on introduction to data acquisition with 
LabView” tutorials and to get used to reading the help panel in LabVIEW. 
The available data acquisition system Compact box is a 9172 8-slot chassis and 
the connection module is the NI-9219. In order to obtain a successful 
Wheatstone bridge reading, it is important to identify the excitation and outputs 
(positive and negative) cables.  
Figure 6.9 Load cell 
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The NI-9219 module follows the 
connection diagram with the port 
number connection shown in Figure 
6.11 and Table 6.6. 
Port Number Connection 
1 - 
2 - 
3 EX + [ Excitation +] 
4 CH + [ Output + ] 
5 EX - [ Excitation -] 
6 CH - [ Output - ] 
Table 6.6 NI-9219 port connection 
 
As each load cell follows a different connection diagram, it is important to 
conduct a read the manufacturer catalogues. 
The 1kN load cell can be directly connected to the NI-9219 module by following 
the full bridge colors cables connection detailed at Table 6.7. 
 
Table 6.7 Load cell 1kN  full bridge cable connection 
The 5kN load cell cannot be directly connected to the NI-9219 module because 
it possesses six cables instead of the four required. For that reason, it is 
necessary to merge the color cables as detailed at Table 6.8.  
 
Table 6.8  Load cell 5kN full bridge cable connection 
Once the load cells are connected to the data acquisition system, as it is shown 
in Figure 6.12, the following step is to calibrate the load cells and to write a non-
complicated code in order to be able to acquire the data into a TDMS file to then 
convert it into an EXCEL spreadsheet to finally plot the graph with MATLAB.  
 
Figure 6.11 NI-9219 port connection 
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Figure 6.12 Data acquisition system connection 
To configure the load cells it is necessary to open the data acquisition system 
via LabVIEW and to select the corresponding ports of the NI-9219 module, 
where the 1kN and 5kN load cells are connected and then, the calibration 
process starts. This calibration is explained in Appendix E.6.  
Finally, as the impact time expected from the numerical simulations is of 40ms, 
it is necessary write the code and to set it up in order to read a high number of 
samples per second. The acquisition mode of the code is configured to be 
continuous samples, 100 samples to be read at 50Hz rate.  
The back panel of the code is shown in Figure 6.13 and it is where all the 
diagram blocks that form the code are shown.  
 
Figure 6.13 LabVIEW back panel code 
The front panel is where the graphics and the current value are displayed at 
real time. Moreover, it incorporates a STOP button, a number of samples 
regulator, rate regulator, an indicator LED and an error out display that informs 
if there is any problem in the reading of the code. It is shown in Figure 6.14. 
 
Figure 6.14 LabVIEW front panel   
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6.4 Design and construction 
Once all the calculations are done, the instrumentation is correctly calibrated 
and all the material available is gathered and correctly described in an 
inventory, the last step is to design and build the pendulum rig. 
The software employed for the design is CATIA and the construction is 
conducted at the same time as the design, as a verification method to ensure 
that the design is buildable.  The pendulum test rig is composed of three main 
parts: the impactor, the pendulum base and the base of the headlamp.  
As this rig has to be built as simple as possible due to the time, material and 
resources available, only three mechanical operations are conducted. These 
operations are to cut the aluminium profile tube to the desired designed length 
with a hacksaw, to drill the main precise holes, which are the pendulum point 
and the impactor, with a mechanical drill and the rest with an electric hand drill. 
These operations were always conducted under the supervision of technicians 
and are shown in Figure 6.15.    
 
Figure 6.15 Hacksaw (left), mechanic driller (middle) and electric hand driller (right) 
The first idea was to build the high energy impact rig because there was enough 
material available and the numerical simulations establish that there was not a 
serious doubt of the risk for the 5kN load cells. But the safety problem became 
obvious once it was built because the pendulum rig was too flimsy and long, a 
fact that can put in serious danger the personnel present during the test. 
Moreover, the risk of the rig to fail to impact in the desired and simulated impact 
point was too high, and in consequence the decision was to conduct low energy 
tests.  
In brief, despite being able to build the high energy pendulum rig, the adopted 
decision was to validate and correlate the model with an iteration of low energy 
test starting in 50J and increasing it until 200J.  
6.4.1 Headlamp base 
The headlamp base is the real representation of the aluminium frame for the 
EPP foam in the numerical simulation.  
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The structure is composed of two parts: a rectangular frame that fits the EPP 
foam support and a flat rectangle used as a ground fixture by adding weight 
over it. The CAD representation and real base are shown in Figure 6.16.     
 
Figure 6.16 Headlamp base render (left) and real (right) 
The rectangular frame has outer dimensions of 370x310x560mm and inner of 
310x250x500mm. It is composed by the mechanised EPP foam, 11 aluminium 
small profiles and four PMMA sheets that cover the frame by safety reasons in 
order to avoid flying parts that can hit the personnel present during the test. 
Moreover, the inventory of the headlamp base is in Appendix E.7. 
The ground fixture flat rectangle has dimensions of 660x560mm and is 
composed of three aluminium small profiles where 45kg ballast is added. 
Moreover, as happened in the simulations, the first idea was to fix the headlamp 
to the structure with metallic joints or a piece of wood but this material was not 
characterised and in consequence not able to be simulated. The wood fixture 
attempt is shown in Figure 6.17(left), the EPP foam support in Figure 
6.17(middle) and the final design in Figure 6.17(right). 
 
Figure 6.17 Headlamp fixture with wood (left), EPP foam (middle) and frame (right) 
6.4.2 Pendulum base 
The pendulum base structure is designed and constructed as a pivot point of 
the pendulum, which provides to the pendulum stiffness and accuracy for reach 
the desired impact point.  
The structure is composed by three parts: a flat rectangle used as a ground 
fixture by adding weight over it, a small aluminium profile that stops the 
pendulum and ensures the 90 degrees movement of the pendulum and the 
pivot point formed by two bushed aluminium profiles and a shaft. The CAD 
representation and the real pendulum base are shown in Figure 6.18 and its 
inventory is in Appendix E.7.  
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Figure 6.18 Pendulum base render (left) and real (right) 
The ground fixture flat rectangle has dimensions of 840x540mm and is 
composed by three aluminium small profiles where 45kg ballast is added. 
The pendulum stopper is composed by a small aluminium profile and two 
aluminium plates to stop and ensure the pendulum starts at 90 degrees. 
The pivot point is built with a stiff shaft that passes through the two vertical 
bushed aluminium profiles at the desired point. The pendulum impactor is joined 
via two triangular aluminium plates drilled and bolted through the impactor 
central long profile as it is shown in Figure 6.19. 
 
Figure 6.19 Details of the pivot point (left and middle) and pendulum stopper (right) 
An optimization of the pendulum was held for impact accuracy problems and 
this process is explained in Appendix E.8. 
6.4.3 Impactor 
The impactor is the built representation of the pelvis of a pedestrian and a 
simplified version of the upper legform impactor used in the conduct of real 
pedestrian impact tests by car manufacturers.  
The structure is composed by five parts: a long aluminium big profile that 
attached to the pendulum base provides the pendulum effect, the alloy steel 
core cylinder that represents the pedestrian bone, two sheets of CF45 foam 
plastic to simulate the pedestrian muscles, one elastic rubber band that 
simulates the pedestrian skin and finally, three big and five medium aluminium 
profiles to be used as a variable ballast weight depending on the studied case. 
The CAD representation and the real impactor are shown in Figure 6.20.     
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Figure 6.20 Impactor render (left) and real (right)   
The first step of the assembly process of the impactor is to attach the two load 
cells to the core cylinder for then join them to the long aluminium big profile, 
which it is already connected to the pendulum base. The next step is to cover 
the core cylinder with the two CF45 sheets and the rubber band with tape. 
Finally, the last step is to add variable ballast weight. All these joints are done 
with M12 threaded rods, nuts and washers. The assembly process is shown in 
Figure 6.21 and its inventory is in Appendix E.7.     
 
Figure 6.21 Impactor assembly process  
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6.5 Test impacts and results 
As the correlation plan is to start the test impact with a low energy of 50J and 
then increase it until 200J by energy intervals of a 50J , it is necessary to 
rebuild the pendulum for each impact case by modifying its height and weight. 
For preventing damage to the internal components of the headlamp, the four 
bulbs were removed. Indeed, this provides a better approach to the numerical 
simulations, which were conducted without any internal component. These 
extracted components are shown in Figure 6.22. 
 
Figure 6.22 Bulbs removal from the headlamp 
Moreover, the first thing to do after assembly the upper legform impactor is to 
re-calibrate the load cells in this new configuration as they are now under a pre-
loaded condition. This personalized re-calibration and modification of the code 
is required for each impact test and it is explained in Appendix E.9.     
6.5.1 50J impact test 
A total of four impacts, two per headlamp, were conducted in order to have 
enough data to correlate the numerical simulations with the impact tests.  The 
initial and final position of the pendulum impactor for the 50J impact test is 
shown in Figure 6.23. 
 
Figure 6.23 50J impact test position before(left) and after(right) 
Despite following the same test procedure for each impact and acquiring the 
same amount of test samples, it goes without saying that time scale adjustment 
is required in order to match the impact peak force samples for the four impacts.  
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As the peak value is represented by 25 samples, the methodology followed is to 
keep 400 samples before and after it. With this procedure, the total amount of 
samples per impact test is of 825, rather than the 1100 recorded. The MATLAB 
representation plot of the 1kN and 5kN load cells experienced loads during the 
four impact tests is shown in Figure 6.24 and the peak values in Table 6.9. 
 
Figure 6.24 50J impact test data for 1kN and 5kN load cells 
 
Table 6.9 50J impact test high impact force experienced by 1kN and 5kN load cells 
It is possible to observe, that the experienced trend is equal over the four 
impact tests. The first part of the impact is while the pendulum is initiating its 
movement and it is represented by providing zero values at the beginning of the 
drop test. The instability values just before the impact are explained as the 
different forces that the impactor experience during the pendulum drop and the 
gravity effect over the ballast weight that is over the load cells.  
The peak point represents the headlamp impact with the impactor. Despite 
being able to acquire 25 samples to describe this impact, all the values are 
equal and in consequence it is not possible to describe the evolution of the 
loads. Furthermore, it is not possible to describe the rebound experienced by 
the impactor just after impacting the headlamp. To obtain these results, a more 
accurate instrumentation and more samples per second are required because 
this impact occurs in less than one second. In the four studied cases, this value 
is around 60N for the lower load cell and 77N for the upper. Moreover, the 
maximum differences for the obtained impact force values with the 1kN and 5kN 
load cells values are 22% and 7.4% respectively. As it represents a moderate 
variance, this implies that further tests would lead to similar measurements.   
 79 
The last part of the data corresponds to the stabilization process at the resting 
position of the impactor, where the contact with the headlamp is continuous. 
These stabilization values are around 22N and 45N for the 1kN and 5kN load 
cells, respectively. However, as happened with the peak value, the first test 
provides a 23% discrepancy with the average value for the 1kN load cell and 
5% for the 5kN. 
Moreover, as the CF45 foam is a really temperature dependent material, the 
fact of conducting two consecutives tests per headlamp is shown in the results 
by obtaining a lower value in the second impact for the same headlamp. 
In order to be able to correlate the results with the numerical simulations it is 
important to calculate the mean value of the four impact tests. This calculation 
and graphic representation is held by MATLAB software and shown in Figure 
6.25. The peak value for the 1kN and 5kN load cells is 60.03N and 77.28N, 
respectively.  
 
Figure 6.25 50J mean impact test values for 1kN and 5kN load cells 
In order to identify possible anomalies in the acquired data during the impact, all 
the tests were recorded from three different video perspectives, which are 
shown in Figure 6.26. 
 
Figure 6.26 Three video record perspectives 
Finally, a selection of some impact pictures is shown in Appendix E.10. These 
pictures were taken ten frames per second and it is possible to observe the 
experienced rebound after the first impact.  
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6.5.2 Reasons for not conducting more impact tests 
The next test to conduct is the low energy 100J impact and therefore a 
modification on the pendulum construction and acquiring data code are 
required, as explained in Appendix E.9. The initial and final position of the 
pendulum impactor is shown in Figure 6.27. 
 
Figure 6.27 100J impact test position before(left) and after(right) 
After the test was conducted and the data was acquired, as it is possible to 
observe in Figure 6.23(right) the joint of the two central aluminium profiles is not 
strong enough.  The pendulum structure suffered a bending failure that showed 
that it is too flimsy and the obtained results are in consequence not valid.  
 
Simple bending calculations could have helped to prevent this, due to the 
central pendulum tube length. The solution for this problem is to use a 
continuous 1.6m profile instead of joining the pendulum with 0.9m and 0.7m 
profiles. Another solution is to join them by welding but due to the available time 
these solutions are not possible to adopt and in consequence the rest of impact 
tests cannot be conducted. Furthermore, Appendix E.11 explains the 
impossibility of the conductance of the high energy impact test.  
Finally, as the rest of the low energy tests cannot provide accurate and realistic 
results due to the flimsy pendulum structure, a resistance study of the headlamp 
PC study case is conducted in order to break it. The headlamp was broken after 
conducting ten impacts at 50J and five at 100J. Moreover, the two data 
recorded tests explained in Section 6.5.1. 
 
Figure 6.28  Broken headlamp  
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6.6 Conclusion 
 
The conclusions extracted are summarized as that: 
 
 The construction of the pendulum rig is conducted at the same time as the 
design, being used as a verification method to ensure that the rig is 
buildable.  It is composed of three main parts: the impactor, the pendulum 
base and the base of the headlamp. 
 
 An iterative method is conducted over the pendulum inertia hand 
calculations by modifying the ballast weight. The closer obtained values to 
the specified conditions by JLR are a rectangular pendulum rod of 3.9m 
long, three ballasts of big profile and five ballasts of medium profile. 
Unfortunately, to conduct a pendulum crash test with these rig properties 
could cause an extremely violent impact that would put severe strain on the 
rig and the instrumentation. However, twenty test candidates with four 
selection conditions applied are evaluated and only five tests are finally 
selected. 
 
 The only available instrumentation is 1kN and 5kN load cells. They have to 
be calibrated statically and connected to a data acquisition system in order 
to obtain experimental data. Furthermore, it is required to write a code in 
LabVIEW and to recalibrate the load cells for each new configuration. 
 
 A total of four impacts, two per headlamp, were conducted in order to have 
enough data to correlate the numerical simulations with the impact tests.  
The mean peak value of the four studied cases is 60.03N and 77.28N for the 
1kN and 5kN load cells, respectively. Moreover, the maximum discrepancies 
for the 1kN and 5kN load cells are 22% and 7.4% respectively.  
 
 Due to the low data sampling rate, only one value for the peak point was 
obtained, which is not sufficient to conduct a realistic correlation.  To obtain 
more accurate results it is necessary to improve the instrumentation so that 
it is capable to read more samples per second, as the impact occurs in less 
than one second. 
 
 Due to the problems with the pendulum structure, the rest of the low energy 
tests cannot provide accurate and realistic results, and as a consequence, 
no more tests were conducted. 
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7 CORRELATION 
The principal limitation of CAE is that FE models are only useful when a 
correlation between the simulation model and reality exists. Due to the limitation 
of impact tests conducted with the pendulum rig, only the 50J lower energy 
case could be correlated. 
The time scales of the pendulum impact test and simulation are different, and 
as consequence, it is necessary to clean the data as done in Section 6.5.1. In 
this case, the desired data for the impact test is the 40ms of the simulation. 
The acquired data by LabVIEW software is 100 samples per second, which 
means 10ms per sample. Clearly, as four samples represent 40ms, it goes 
without saying that the representation of the simulated load versus time curve 
would not be accurate unless more samples are obtained.  
A thorough study of the acquired data is conducted and it is possible to observe 
that the obtained value is repeated in 25 samples, which means that a new data 
point is obtained every 250ms and therefore it is impossible to fully record the 
impact with the instrumentation available. For conducting an accurate study, the 
instrumentation must acquire data each 0.1ms, which means a 10000Hz rate 
instead of the 50Hz employed.  
The impact test data is cleaned and plotted with the simulation, as shown in 
Figure 7.1.  
 
Figure 7.1 Impact test correlation  
 83 
It is possible to observe that the peak value of the impact do not match the 
simulated result, and in consequence, Appendix F.1 proves that with an 
approximate 140N sum of impact forces and 18.48m/s2 deceleration, it is not 
possible that the required stop distance is of 0.345m. It confirms the suspicion 
that the acquired data is not correct.  
Point A (300N at 0.0162s) for the upper load cell and Point B (300N at 0.035s) 
for the lower identifies that only the increase and the decrease of the 
experienced impact force were recorded. Therefore, the peak value part was 
not obtained. Moreover, the upper load cell obtained value for the impact force 
presents a 400% difference with the Point A and the lower cell a 500% 
difference with Point B, which it is not acceptable in a correlation study.   
As the difference between the impact test and simulation peak values is order of 
ten, this may have been partly due to the low data acquisition rate achievable in 
the available instrumentation. It is important to remember that test results were 
measured at only four data points. Another possible explanation for this 
difference is a dynamic mechanical effect in the design of the pendulum. 
Furthermore, a calibration checking of the load cells was conducted before and 
after the test. The static results of these checks were correct.   
Finally, based on the previous explanations, it is possible to state that the 
instrumentation employed in the pendulum test rig statically works but it cannot 
acquire accurate dynamic impact data. Moreover, the software was capable to 
record data at high sampling rate but the hardware available did not have the 
capability to sample at high rate.  
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8 PARAMETRIC IMPROVEMENT STUDY 
Since the main objective is to reduce the injury risk in a pedestrian impact, an 
improvement study on the headlamp is proposed in order to reduce the impact 
energy by reducing the contact stiffness. Moreover, it is important to respect the 
regulations while conducting the parametric simulations because the achieved 
solution could be invalidated by legality terms.  
Once the numerical model is correlated with reality, it is possible to conduct the 
parametric improvement study. As a valid correlation was not achieved, the 
improvements below are a proposal and recommendation for future studies.  
8.1 Thickness modification 
An iterative decrease in lens thickness could be applied over selected locations. 
The mean thickness of the actual lens is 3mm and it could be thinner in order to 
reduce its stiffness.  
8.2 Geometry modification 
A design modification of the edges of the headlamp could be conducted in order 
to study its effect over an impact.  
8.3 Non-linear attachment model  
As mentioned in Section 5.3 it was proved that the attachment points break if 
they are rigidly fixed. A study of a reduction of the acceleration experienced by 
the impactor while impacting the headlamp could be conducted by a 
modification to the attachment using a non-linear model. The selected model 
would be introduce non-linear springs at the attachment points.   
The major problem of this solution is the displacement and bounce of the 
headlamp while the car is on motion. Indeed, in the Cranfield University thesis 
“Improvement of a car headlamp’s behaviour during a pedestrian impact”, this 
study was conducted [51].  
8.4 Other headlamp improvements 
In the above mentioned thesis, two more improvement proposals were studied. 
These included a change of the material and the introduction of an energy 
absorbent material [51]. 
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9 SUMMARY AND DISCUSSION  
The only way to achieve the main objective of this study, is by planning a 
methodology to follow during the four months of project with associated 
deadlines. It is necessary to define a task list with all the necessary intermediate 
steps to reach and a Gantt chart as a guide. The major problem experienced at 
this initial point was the continuous redefinition of the scope of the thesis, but 
after some meetings with the supervisor and Jaguar Land Rover, the main 
objective was completely defined and it was possible to conduct the next stage. 
After conducting a thorough literature review, the next stage was the material 
characterisation. The theoretical properties of the polycarbonate and a 
summary of a previous study are explained in detail. A tensile test was 
conducted in order to study the strain suffered by applying a load during a 
certain time over a dog-bone specimen. It was conducted at three different 
velocities to demonstrate the strain rate dependency of the material.  
The specimen dimensions were directly extracted from a previous study in order 
to have more tensile test data, as the polycarbonate studied has the same 
properties. Despite conducting the tensile test, it was confirmed that the 
specimen design was not adequate for polycarbonate because it breaks too 
early and, as a consequence, do not have the chance to provide to its gauge 
the freedom to experience a sort of elongation. A more adequate design is 
proposed and must be used in future studies to characterise the polycarbonate. 
A LS-DYNA FE model that reproduces the specimen under a tensile test with 
an appropriate material card for the measured polycarbonate properties was 
created. As the true strain versus true stress curves of the tested specimens are 
not accurate due to the previously explained problem, the decision is to use the 
material card provided by JLR for conducting the numerical simulations. 
Nevertheless, three iterations to match the experimental true strain versus true 
stress curve with the simulations were conducted. It is important to understand 
that this process it is not easy and an iterative method of at least thirty iterations 
must be applied.  
The next stage was the numerical simulations and two different scenarios 
were contemplated. The first one is with the headlamp fixed on its four 
attachments, but it resulted that they break, even with a low energy impact of 
50J. As a consequence, EPP foam is used as the support in the second 
scenario. Five impact test simulations were conducted for the first scenario and 
another five for the second. 
It is important to understand that it is not only necessary to define the meshed 
geometry and a material card to run a FE model. Apart of this initial step, it is 
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also necessary to define the model boundary conditions, contact formulations 
and simulation parameters in order to conduct a valid and realistic simulation. 
Furthermore, it is required to use an SAE180 filter over the obtained result, but 
it has to be understood that the peak values experimented in reality by the load 
cells are higher. As a consequence, the load cell capability could be affected if 
the filter is not removed before attempting the impact test in order to ensure that 
overloading does not occur.  
Since it was not possible to create an accurate material card for polycarbonate 
in the previous stage, the comparison study was done with the experimental 
properties provided by JLR. 
The next stage was the pendulum test rig design, construction and operation. 
The major problems experienced were regarding to the material available, as 
the design of the rig directly depended on it. Moreover, the EPP foam 
machining by the DMG department delayed the test. 
The next stage was the design of a pendulum test rig, which was then built and 
used for impact tests. The pendulum was adjustable for five different impact 
energy levels, and was developed using an iterative method to choose 
appropriate ballast weights and pendulum inertia. Unfortunately, due to the 
problems with the pendulum structure, only the 50J test was conducted. Four 
tests were made in order to have enough data to correlate the numerical 
simulations with the impact tests.   
The pendulum was instrumented with 1kN and 5kN load cells, which were 
statically calibrated and connected to a data acquisition system to obtain 
experimental data. Moreover, it is required to write a code in LabVIEW and to 
recalibrate the load cells for each new configuration. Unfortunately, only one 
value for the peak point was obtained, which it is insufficient to conduct a 
realistic correlation. To obtain more accurate results it is necessary an 
instrumentation improvement capable to read more samples per second, as the 
impact occurs in less than one second. 
After the initial tests, a correlation stage was held and it was noticed that the 
peak value of the impact force did not match the simulated result. As the 
difference between the impact test and simulation peak values was order of ten, 
this may have been partly due to the low data acquisition rate achievable in the 
available instrumentation. It is important to remember that test results were 
measured at only four data points. 
Finally, a parametric improvement study involving three different design 
parameters is proposed.  As a valid correlation was not achieved, these 
improvements were not conducted and are recommended for future studies.  
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10 CONCLUSION 
The main objective to achieve in this pedestrian impact study is a correlation 
between the computer simulations and the basic pendulum test rig in order to 
propose solutions that improves the pedestrian safety for headlamps at SUV. 
To reach this objective, it is necessary to conduct a literature review, a material 
characterisation of the polycarbonate of the headlamp, a range of numerical 
simulations and to build a pendulum rig.  A large number of conclusions are 
extracted from each of these chapters.  
The material characterisation is a key factor in FE study, in order to conduct 
realistic and valid numerical simulations. It is concluded that: 
 The polycarbonate is strain rate dependent.  
 
 The specimen employed requires a design modification, as it was not 
correctly designed, the obtained Young’s Modulus values were erroneous.  
 
 According to the failure line orientation, the specimen failure was by shear.  
 
 The use of a milling cutter affected the results by creating micro-grooves at 
the fillets. The best solution is to mould or to cut the specimens with laser. 
 
 It is necessary to conduct an iterative method to create a correlated LS-
DYNA material card. At least thirty iterations were required. 
 
 Despite creating a LS-DYNA model and a material card, it was decided to 
use the material card provided by JLR for conducting the numerical 
simulations. 
The numerical simulations are a key factor to predict model results and to 
save experiment time. It is concluded that: 
 Tests using the fixing of the headlamp by four attachment points cannot be 
conducted as they break, even with a low energy impact of 50J. 
 
 EPP foam is used as the support of the headlamp. 
 
 The simulated low energy impact test at 50J using the EPP foam provides 
impact force values of 871.7N for upper and 631.4N for lower load cells. 
 
 The use of the required SAE180 filter needs to be studied because the peak 
values measured by the load cells are higher.  
 
 The energy increment directly affects all of the results obtained by the load 
cells and the bending moment for both scenarios, fixed and EPP foam 
support.  
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 The higher the energy, the more rebounds are experienced by the impactor 
while impacting the headlamp.   
The pendulum rig construction is a key stage to correlate and validate the 
simulated results. It is concluded that: 
 The construction of the pendulum rig has to be conducted at the same time 
as the design, as a verification method to ensure that the rig is buildable.  
 
 To reach the specified conditions by JLR, it is necessary to use a 
rectangular pendulum rod of 3.9m long, three ballasts of big profile and five 
ballasts of medium profile. Unfortunately, it could cause a violent impact that 
would put severe strain on the rig and the instrumentation.  
 
 Five low energy impact tests are selected out of twenty candidates. 
 
 The only available instrumentation is 1kN and 5kN load cells.  
 
 The instrumentation has to be calibrated, connected to a data acquisition 
system in order to obtain experimental data and it is required to write a code 
in LabVIEW. 
 
 A total of four impacts, two per headlamp, were conducted. The mean peak 
value is 60.03N and 77.28N for the 1kN and 5kN load cells, respectively. 
The maximum differences for the impact forces values obtained with the 1kN 
and 5kN load cells are 22% and 7.4% respectively.  
 
 Only one value for the peak point is obtained, which it is insufficient to 
conduct a realistic correlation. It is necessary an instrumentation with 
10000Hz rate.  
 
 Due to the problems with the pendulum structure, only the 50J impact test 
was conducted. 
Finally, the conclusions extracted from the correlation study are: 
 The peak value of the impact does not match the simulated result. 
 
 The load cells are correctly calibrated and the initial and rest position provide 
expected values, which means that the instrumentation employed works 
perfectly in static but not in dynamic. 
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11 FURTHER WORK 
Due to the fact that some areas of this study require a further development, it 
was not possible to conduct a thorough CAE correlation. Therefore, the 
objective could be achieved by following the proposed recommendations.      
11.1 Specimen and material card optimisation 
As mentioned in Section 4.1.6, the specimens employed in the polycarbonate 
material characterisation provide a Young’s Modulus mean value that does not 
match the theoretic values. Therefore, the specimen design needs to be 
redesigned because it is not appropriate for the PC characterisation. It is 
recommended to design a bigger radius to provide a slighter transition between 
the specimen gauge and the grabs. 
Once the specimen is re-designed and the tensile test conducted, a more 
complete LS-DYNA material card has to be created. A good material card 
perfectly matches the tested true strain versus stress curve. Moreover, the 
Cowper and Symonds strain rate parameters must be incorporated. 
11.2 Instrumentation  
As mentioned in Section 7, for conducting an accurate correlation study, it is 
recommended that the instrumentation must acquire data each 0.1ms, which 
means a 10000Hz rate instead of the 50Hz employed. In addition, the 1kN load 
cell must be substituted by a 5kN one. Another solution is to use an 
accelerometer. 
Furthermore, a complete instrumentation of the upper legform impactor must 
incorporate three strain gauges at locations explained in Section 2.3.2. These 
strain gauges need to be studied, selected, calibrated and implemented in the 
LabVIEW code. 
11.3 Pendulum rig optimisation 
Due to the problems observed in Section 6.5.2, it is necessary to use a different 
pendulum impactor for each low energy test. It is recommended to use a 
continuous aluminium profile of 1.6m instead of joining the pendulum with 0.9m 
and 0.7m profiles, which result was not stiff enough. The same procedure must 
be done for the 1.9m and 2.5m pendulums. 
11.4 Headlamp improvements  
It is recommended to conduct the proposed parametric study in Section 8 in 
order to improve the headlamp design. 
 90 
REFERENCES 
[1] - Kopits, E. and Cropper, M. (2005) “Traffic fatalities and economic growth”, 
Accident Analysis and Prevention, Vol. 37, No.1, p. 169–178. 
[2] - EC (2009), “Regulation (EC) No 78/2009 of the European parliament and of 
the council of 14 January 2009”, the European parliament and the council of the 
European Union, L 35, p. 1-31. 
[3] - Mohan,D. (2008), “Road traffic injuries: a stocktaking”, Best Practice & 
Research Clinical Rheumatology, Vol. 22, No. 4, p. 725–739. 
[4] - Seiffert, U. and Wech, L. (2007), “Pedestrian Protection”, in: Automotive 
safety handbook, SAE International, USA, p. 225-244. 
[5] - Abvabi, A., Nasr, A., Noorpoor, A. and Kiasat, M. S. (2010), “Investigation 
on the effect of impact location height on pedestrian safety using a legform 
impactor dynamic model”, Safety science, Vol. 48, No.5, p. 660-671.  
[6] - WHO (2009), "Global Status Report on Road Safety" World Health 
Organization, Geneva, Switzerland. 
[7] - Fredriksson, R., Rosén, E. and Kullgren, A. (2010), “Priorities of pedestrian 
protection - A real-life study of severe injuries and car sources”, Accident 
Analysis and Prevention, Vol. 42, No.6, p. 1672–1681. 
[8] -  Zhang, G., Cao, L., Hu, J. and Yang, K.H. (2008), “A Field Data Analysis of 
Risk Factors Affecting the Injury Risks in Vehicle-To-Pedestrian Crashes”, Ann 
Adv Automot Med., Vol. 52, p. 199-214. 
[9] - Ptak, M. and Karlinski, J. (2010), “Analysis of pedestrian passive safety 
with the use of numerical simulation” Journal of KONES powertrain and 
transport, Vol.17, No.1, p. 337-342. 
[10] - Rosén, E., Stigson, H. and Sander, U. (2011), “Literature review of 
pedestrian fatality risk as a function of car impact speed”, Accident Analysis and 
Prevention, Vol. 43, No.1, p.25–33. 
[11] - Simms, C. K. and Wood, D. P. (2006), "Pedestrian risk from cars and 
sport utility vehicles - a comparative analytical study", Proceedings of the 
Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering, 
Vol. 220, No.8, p. 1085-1100. 
 91 
[12] – EEVC (2013), General information on the activities of the EEVC, 
available at: http://eevc.org/eevcintroduction/introduction.htm (accessed 17th 
May 2013) 
[13] - EEVC (2013), Historic working groups, available at: 
http://eevc.org/history/historicgroupindex.htm (accessed 17th May 2013) 
[14] - EUROPEAN EXPERIMENTAL VEHICLES COMMITTEE: WORKING 
GROUP 1 ON ACCIDENT DATA (1974), “A review of data sources for car 
safety improvements” in: The future for car safety in Europe, Fifth ESV 
Conference, June 1974, London. 
[15] - EUROPEAN EXPERIMENTAL VEHICLES COMMITTEE: WORKING 
GROUP 7 ON PEDESTRIAN INJURY ACCIDENTS (1982), “Pedestrian Injury 
Accidents Proceedings”, in: Ninth ESV Conference, November 1982, Kyoto. 
[16] - EUROPEAN EXPERIMENTAL VEHICLES COMMITTEE: WORKING 
GROUP 10 ON PEDESTRIAN PROTECTION (1994), “Proposals for methods 
to evaluate pedestrian protection for passenger cars: Final Report”, EEVC, 
November 1994 
[17] - EUROPEAN EXPERIMENTAL VEHICLES COMMITTEE: WORKING 
GROUP 17 ON PEDESTRIAN (2002), “Improved test methods to evaluate 
pedestrian protection afforded by passenger cars”, EEVC, September 2002, 
Brussels.  
[18] - Hu, J., Klinich, K. D. (2012), “Toward designing pedestrian-friendly 
vehicles”, Transportation research institute, University of Michigan (UMTRI), US 
[19] - Crandall, J.R., Bhalla, K.S. and Madeley, N.J. (2002), “Designing road 
vehicles for pedestrian protection”, BMJ, Vol. 324, p. 1145-1148. 
[20] - Hardy, B. J., Lawrence, G. J. L., Carroll, J.A., Donaldson, W.M.S , 
Visvikis, C., Peel, D.A. (2006), “A Study on the Feasibility of Measures Relating 
to the Protection of Pedestrians and Other Vulnerable Road Users”, TRL 
Limited, Project Report UPR/VE/045/06 
[21] - Strandroth, J., Rizzi, M., Sternlundc, S., Lied, A. and Tingvall, C. (2011), 
"The Correlation Between Pedestrian Injury Severity in Real-Life Crashes and 
Euro NCAP Pedestrian Test Results", Traffic Injury Prevention, Vol. 12, No. 6, 
p. 604-613. 
[22] - EC (2009), “Commission regulation (EC) No 631/2009 of 22 July 2009”, 
the commission of the European communities, L 195, p. 1-60. 
 92 
[23] - Euro NCAP (2013),  “Pedestrian testing protocol”, European new car 
assessment programme, Implementation 2014, Version 7.0, p. 1-53.  
[24] - Peters, G.A. and Peters, B.J. (2002), “Crash testing”, in: Automotive 
vehicle safety, SAE, p. 131-141. 
[25] - Euro NCAP (2013), the test explained, Pedestrian Protection, available at:  
http://www.euroncap.com/Content-Web-Page/ed4ad09d-1d63-4b20-a2e3-
39192518cf50/pedestrian-protection.aspx (accessed 11th May 2013) 
[26] - ISO (2002), “ISO 6487:2002, Road Vehicles – Measurement techniques 
in impact tests - Instrumentation”, ISO, (4th Edition), Switzerland.  
[27] - Land Rover (2009), “Land Rover Discovery 4 brochure”, Land Rover, 
p.45, available at: http://www.landroverweb.com/Pdf-
files/Manuals/Brochures/land_rover_discovery_110_en_GB.pdf (accessed 13th 
May 2013) 
[28] - Euro NCAP (2013), About us, available at: 
http://www.euroncap.com/about.aspx (accessed 13th May 2013) 
[29] - Euro NCAP (2013), Ratings, available at: 
http://www.euroncap.com/test/ratings.aspx (accessed 13th May 2013) 
[30] - Euro NCAP (2006), Land Rover Discovery crash test 2006, available at: 
http://www.euroncap.com/tests/land_rover_discovery_2006/259.aspx (accessed 
13th May 2013) 
[31] - Tejera, G. (2012) “Ensayos de choque (Crash tests)”, Seguridad activa y 
pasiva en el automobil (Active and Passive automotive safety), Polytechnic 
University of Catalonia (UPC), ETSEIB, Barcelona, Spain.  
[32] - McLundie, B. (2013), “Body system strategy pedestrian system”, Internal 
paper Jaguar Land Rover (19th april 2013).  
[33] - BBC (2013), Science: Human body & mind, Human Anatomy, Skeleton, 
available at: 
http://www.bbc.co.uk/science/humanbody/body/factfiles/skeleton_anatomy.shtm
l  (accessed 12th May 2013) 
 [34] - Arnoux, P. J., Cesari, D., Behr, M., Thollon, L. and Brunet, C. (2005), 
“Pedestrian Lower Limb Injury Criteria Evaluation: A Finite Element Approach”, 
Traffic Injury Prevention, Vol. 6, No. 3, p. 288-297.  
 
 93 
[35] - Luo, F., Ren, L. and Yang, J. (2013), “Influence of human body size on 
lower limb injury parameters in Car-pedestrian collisions”, in: 5th conference on 
measuring technology and mechatronics automation, 16-17 January 2013, 
Hong Kong, CPS,  p. 627-630. 
[36] - Snedeker, J. G., Walz, F. H., Muser, M. H. and Lanz, C. (2005), 
“Assessing femur and pelvis injury risk in car-pedestrian collisions: comparison 
of full body PMTO impacts, and a human body finite element model”, in: 19th 
International Technical Conference on the Enhanced Safety of Vehicles, 6-9 
June 2005, Washington, D.C, NHTSA, Paper No. 05-103, p.1-15.   
[37] - Yang, J. (2005), “Review of Injury Biomechanics in Car Pedestrian 
Collisions”, International Journal of Vehicle Safety, Vol.1, No.1, p.100-117. 
[38] - Teng, T.L., Le, T.K. and Ngo, V.L (2010), “Injury analysis of pedestrians in 
collisions using the pedestrian deformable model”, International Journal of 
Automotive Technology, Vol. 11, No. 2, p. 187−195. 
[39] -  Kleinberger, M., Sun, E., Eppinger, R., Kuppa, S., and Saul, R. (1998). 
“Lower Extremity Criteria”, Development of Improved Injury Criteria for the 
Assessment of Advanced Automotive Restraint Systems, NHTSA report, p. 54. 
[40] - UN (2012), “Addendum 47: Regulation No. 48, Uniform provisions 
concerning the approval of vehicles with regard to the installation of lighting and 
light-signalling devices”, United Nations, Revision 9, p.1-128. 
[41] -  EC (1976), “Council Directive 76/756/EECC of 27 July 1976”, the council 
of the European communities, L 262, p. 1-31. 
[42] - Bosch, R. (2011), automotive handbook (8th edition), BentleyPublishers, 
Germany, p. 882. 
[43] - Lachmayer, R. and Friesen, F. (2001), “New headlamp concepts as key to 
optimization of vehicle front ends in consideration of pedestrian protection”, in: 
17th International Technical Conference on the Enhanced Safety of 
Vehicles (ESV), 4-7 July 2001, Amsterdam, NHTSA, Paper No. 423, p. 1-7.  
[44] - Peters, G.A. and Peters, B.J. (2002), “Human simulation applications”, in: 
Automotive vehicle safety, SAE, p. 116-130. 
[45] - Hughes, K. (2013), “Overview of simulation technologies”, Simulation for 
crashworthiness, Part 1, Cranfield University, Cranfield.  
[46] - Cook, R.D., Malkus, D.S., Michael, P.E. and Witt, R.J. (2002), Concepts 
and applications of finite element analysis (4th edition), John Wiley & sons, USA 
 94 
[47] - Wissel, G.S. (2004), Pedestrian safety of sport utility vehicles 
(unpublished MSc thesis), Cranfield University, Cranfield. 
[48] – Livermore Software Technology Corporation (2002), “Getting started with 
LS-DYNA”, LSTC.  
[49] - EC (2007), “Directive 2007/46/EC of the European parliament and of the 
council of 5 September 2007”, the European parliament and the council of the 
European Union, L 263, p. 62. 
[50] - EXTATICO (2013), Polycarbonate properties, available at: 
http://www.extatico.es/extaticodoc/POLICARBONATO.pdf (accessed 28th July 
2013) 
[51] – Chapelin, R. (2010), Improvement of a car headlamp’s behaviour during a 
pedestrian impact (unpublished MSc thesis), Cranfield University, Cranfield. 
[52] – Cardini, J. L. (2012) “Simulación y materials en el automovil (Simulation 
and materials in the vehicle)”, Simulació per ordinador d’elements de seguretat 
passiva (Computer simulation of passive safety elements), Polytechnic 
University of Catalonia (UPC), ETSEIB, Barcelona, Spain. 
[53] – Zhao, Y. and Schiraldi, D. (2005), “Thermal and mechanical properties of 
polyhedral oligomeric silsesquioxane (POSS)/polycarbonate composites”, 
Polymer, Vol. 46, No. 25, p. 11640-11647. 
[54] - LSTC (2012), LS-DYNA Keyword user’s manual Volume II Material 
Models” March 26, 2012 (revision: 1275) Version 971 
[55]- LSTC (2012), LS-DYNA Keyword user’s manual Volume I” April 03, 2012 
(revision: 1291) Version 971 
[56] -  E.A.R. Specialty Composites (2013), Confor foam technical data sheet, 
Technical report, available at: 
http://www.earsc.com/HOME/products/CushioningMaterials/CONFORFoams/in
dex.asp?SID=265 (accessed 28th July 2013) 
[57] – Rochette, A. (2011), Characterisation of CONFOR foam CF45 material 
and research of an alternative material for a formula 1 headrest application 
(unpublished MSc thesis), Cranfield University, Cranfield. 
[58] – Legeas, T. (2012), Characterisation of impact properties of CONFOR 
foam and alternatives for F1 application (unpublished MSc thesis), Cranfield 
University, Cranfield. 
 95 
[59] – LS-DYNA Support (2013), Shell formulations, available at: 
http://www.dynasupport.com/howtos/element/shell-formulations (accessed 1st 
August 2013) 
[60] – EPP (2013) Expanded polypropylene properties, available at: 
http://www.epp.com/ (accessed 28th July 2013) 
[61] - J.L.Meriam, J.L. and Kraige, L.G. (2009), “Properties of homogeneous 
solids”, in: Engineering mechanics Dynamics (6th edition), SI Version, United 
States, Appendix D. 
[62] – National Instruments (2013), Load and Pressure Measurements: How-To 
Guide, available at:  http://www.ni.com/white-paper/7138/en/ (accessed 14th 
July 2013) 
[63] – Omega (2013), Introduction to Load cells, available at: 
http://www.omega.com/prodinfo/loadcells.html (accessed 14th July 2013) 
[64] – Loadcellshop.co.uk (2013), S-Beam Load Cell catalogue, available at: 
http://www.loadcellshop.co.uk/S-Beam-Load-Cells/19-S-Beam-Load-Cell-500N-
1kN-2.5kN-5kN.html (accessed 14th July 2013) 
[65] – Thames Side Maywood (2013), U4000 load cell catalogue, available at: 
http://www.thames-side-maywood.com/pdf/u4000.pdf (accessed 14th July 2013) 
[66] – Applied Measurements LTD MEAS (2013), DSC-USB Toolkit download, 
available at: http://www.appmeas.co.uk/dsc-usb-strain-gauge-load-cell-
digitiser.html (accessed 20th July 2013) 
[67] – FLEX-LINK (2013), Structural system 15 XC catalogue, available at: 
http://www.flexlink.com/en/Images/15XC.pdf (accessed 17th July 2013) 
[68] - VALUFRAME (2013), Series 8 aluminium profiles catalogue, available at: 
http://www.valuframe.co.uk/Series-8-Aluminium-Profiles.html (accessed 17th 
July 2013) 
[69] – FLEX-LINK (2013), Structural system 16 XF catalogue, available at: 
http://www.flexlink.com/en/Images/16XF.pdf (accessed 17th July 2013) 
 
 
  
 96 
APPENDICES 
Appendix A Literature Review  
A.1 Definitions 
The bonnet leading edge (BLE) corresponds to “the front of the upper outer 
structure, including the bonnet and wings, the upper and side members of the 
headlight surround and any other attachments” [2]. 
The bonnet leading edge height is “the vertical distance between the ground 
and the bonnet leading edge reference line at that point” [22]. 
The bonnet leading edge reference line is referred to “the geometric trace of 
the points of contact between a straight edge 1000 mm long and the front 
surface of the bonnet, when the straight edge, held parallel to the vertical 
longitudinal plane of the car and inclined rearwards by 50° from the vertical and 
with the lower end 600 mm above the ground, is traversed across and in 
contact with the bonnet leading edge” as it is shown in Figure A.1 [22] [23].  
 
Figure A.1 Determination of bonnet leading edge reference line [23] 
As an exceptional case of this definition, it is necessary to redefine it when “for 
vehicles having the bonnet top surface inclined at 50°, so that the straight edge 
makes a continuous contact or multiple contacts rather than a point contact” the 
reference line has to be determined “with the straight edge inclined rearwards at 
an angle of 40° from the vertical” [22].  
 
Another case is “for vehicles of such shape that the bottom end of the straight 
edge makes first contact with the vehicle then that contact is taken to be the 
bonnet leading edge reference line, at that lateral position” and also “for 
vehicles of such shape that the top end of the straight edge makes first contact 
with the vehicle then the geometric trace of 1000 mm wrap around distance, will 
be used as bonnet leading edge reference line at that lateral position” [22]. 
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Finally, “the top edge of the bumper shall also be regarded as the bonnet 
leading edge if it is contacted by the straight edge during this procedure” [22]. 
The bumper lead is defined as “the horizontal distance measured in any 
vehicle vertical longitudinal plane between the upper bumper reference line and 
the bonnet leading edge reference line” [22]. 
The corner reference point is the “intersection of the bonnet leading edge 
reference line and of the side reference line” [22]. 
The lower bumper height (LBH) is “the vertical distance between the ground 
and the lower bumper reference line, with the vehicle positioned in its normal 
ride attitude” [22]. 
The lower bumper reference line (LBRL) corresponds to the “line which 
identifies the lower limit to significant points of pedestrian contact with the 
bumper. The line is the geometric trace of the lower most points of contact 
between a straight edge 700 mm long and the bumper, when the straight edge, 
held parallel to the vertical longitudinal plane of the vehicle and inclined 
forwards by 25°, is traversed across the front of the vehicle, while maintaining 
contact with the ground and with the surface of the bumper” as it is shown in 
Figure A.2 [22] [23].  
 
Figure A.2 Determination of lower bumper reference line [23] 
The side reference line is the “geometric trace of the highest points of contact 
between a straight edge 700 mm long and the side of a vehicle, when the 
straight edge, held parallel to a transverse vertical plane of the vehicle and 
inclined inwards by 45° is traversed down the side and maintains contact with 
the sides of the frontal upper surface” [22]. 
The upper bumper reference line (BR or UBRL) is the “line which identifies 
the upper limit to significant points of pedestrian contact with the bumper”, but 
as the bumper structure can be or no identifiable it is required to define it 
separately [22].  
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If the bumper structure is identifiable, the UBRL is defined as “the geometric 
trace of the uppermost points of contact between a straight edge and the 
bumper, when the straight edge, held parallel to the vertical longitudinal plane of 
the vehicle and inclined rearwards by 20° to the vertical, is traversed across the 
front of the vehicle, while maintaining contact with the surface of the bumper” as 
it is shown in Figure A.3 [22] [23]. 
And if the structure is no identifiable, the UBRL is defined as "the geometric 
trace of the uppermost points of contact between a straight edge 700 mm long 
and the bumper, when the straight edge, held parallel to the vertical longitudinal 
plane of the vehicle and inclined rearwards by 20° to the vertical, is traversed 
across the front of the vehicle, while maintaining contact with the ground and 
with the surface of the bumper” as it is shown in Figure A.3 [22] [23]. 
 
Figure A.3 Determination of upper bumper reference line [23] 
Finally, the wrap around distance (WAD) is “geometric trace described on the 
frontal upper surface or the frontal protection system by one end of a flexible 
tape, when it is held in a vertical longitudinal plane of the vehicle and traversed 
across the frontal upper surface or frontal protection system. The tape is held 
taut throughout the operation with one ending contact with ground reference 
level, vertically below the front face of the bumper or frontal protection system 
and the other end is held in contact with the frontal upper surface or frontal 
protection system). The vehicle is positioned in the normal ride attitude. This 
procedure shall be followed, using appropriate measuring tape lengths, to 
describe wrap around distances of 900 mm (WAD900), 1 000 mm (WAD1000),  
1700 mm (WAD1700) and 2 100 mm (WAD2100)” as it is shown in Figure A.4 
[22] [23]. 
 
Figure A.4 Wrap around distances lines [23] 
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A.2 Certification of the impactors 
 
Pendulum tube characteristics 
“The pendulum tube shall have a mass of 3 ± 0.03 kg, an outside diameter of 
150 mm + 1 mm/- 4 mm and a wall thickness of 3 ± 0.15 mm. Total pendulum 
tube length shall be 275 ± 25 mm. The pendulum tube shall be made from cold 
finished seamless steel (metal surface plating is permissible for protection from 
corrosion), with an outer surface finish of better than 2.0 micrometers. It shall be 
suspended on two wire ropes of 1.5 ± 0.2 mm diameter and of 2.0 m minimum 
length. The surface of the pendulum shall be clean and dry. The pendulum tube 
shall be positioned so that the longitudinal axis of the cylinder is perpendicular 
to the front member (i.e. level), with a tolerance of ± 2°, and to the direction of 
impactor motion, with a tolerance of ± 2°, and with the centre of the pendulum 
tube aligned with the centre of the impactor front member, with tolerances of ± 5 
mm laterally and ± 5 mm vertically” [22]. 
 
Other certification requirements 
 “When the impactor is propelled into a stationary cylindrical pendulum 
the peak force measured in each load transducer shall be not less 
1.20kN and not more than 1.55kN and the difference between the peak 
forces measured in the top and bottom load transducers shall not be 
more than 0.10kN. Also, the peak bending moment measured by the 
strain gauges shall not be less than 190 Nm and not more than 250 Nm 
on the centre position and not less than 160 Nm and not more than 220 
Nm for the outer positions. The difference between the upper and lower 
peak bending moments shall not be more than 20 Nm” [22]. 
 
 “The instrumentation response value CFC, as defined in ISO 6487:2002, 
shall be 180 for all transducers. The CAC response values, as defined in 
ISO 6487:2002, shall be 10kN for the force transducers and 1 000 Nm 
for the bending moment measurements” [22]. 
 
 “The impactor shall be mounted to the propulsion and guidance system, 
by a torque limiting joint. The torque limiting joint shall be set so that the 
longitudinal axis of the front member is perpendicular to the axis of the 
guidance system, with a tolerance of ± 2°, with the joint friction torque set 
to a minimum of 675 ± 25 Nm. The guidance system shall be fitted with 
low friction guides that allow the impactor to move only in the specified 
direction of impact, when in contact with the pendulum” [22]. 
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A.3 M1 and N1 definitions 
 Category M1 is referred to “Vehicles designed and constructed for the 
carriage of passengers and comprising no more than eight seats in addition 
to the driver’s seat” [49]. 
 
 Category N1 is referred to “Vehicles designed and constructed for the 
carriage of goods and having a maximum mass not exceeding 3,5 tonnes” 
[49]. 
 
A.4 Differences between verification and validation  
Verification “authenticates or confirms that the operation or process does, 
indeed, accurately and reliably measure that which it purports to directly 
measure” [44].   
Validation is a term that means to “assess or confirm the quality or 
effectiveness of the model in terms of its usefulness or ability to predict 
behaviors or events in terms of an ultimate criterion, practicality or reality” [44].    
In brief, these definitions express that verification is more used as accuracy and 
validation as relevancy. 
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Appendix B Methodology 
B.1 Gantt chart 
 
Figure B.1 Gantt chart in tabled view representation 
 
Figure B.2 Gantt chart in a visual model way by using bars  
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Appendix C Material Characterisation  
C.1 Non valid specimens 
The reasons for cannot be able to use the recorded data of four specimens are:  
 
 Specimen 2A broke halfway through the elastic deformation. 
 
 Specimens 1A and 3A experienced a momentary stress decrease that 
affected to the curve linearity. 
 
 Specimen 5B suffered a problem with the glued aluminium plates that 
affected to the beginning of the test. 
These rejecting reasons are shown in Figure C.1, where the specimen 1A is 
represented in blue solid line, 2A in red dotted line, 3A in green solid line and 
5A in black dashed line. 
 
Figure C.1 Rejecting reason for 1A(blue), 2A(red), 3A(green) and 5B(black) specimens 
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C.2 Young’s Modulus and Maximum Stress 
The data of the specimens is coloured in green for quasi-static case, yellow for 
10mm/min velocity, orange for 100mm/min and red for the rejected samples. 
Table C.1 shows the Young’s Modulus of values for each test and Table C.2 the 
maximum stress values. Moreover, the mean values of the non-rejected 
samples are shown in Table C.3. 
Young’s 
Modulus 
(MPa) A B C D E F G H 
1 1206.73 974.95 697.26 1108.02 1142.05 1289.82 1244.23 1231.54 
2 1328.31 1167.77 
 
     
3 1144.04 1174.46 
 
     
4 1178.15 763.88 
 
     
5 1024.78 926.45 
 
     
Table C.1  Young’s Modulus values for each test 
MAX Stress 
(MPa) A B C D E F G H 
1 71.89 68.55 65.47 72.35 72.21 75.12 75.85 71.18 
2 39.70 71.94 
      3 75.15 72.88 
      4 77.18 77.73 
      5 78.28 74.75 
      Table C.2 Maximum stress values for each test 
 
Mean Value Young’s Modulus 
Maximum 
stress  
1 1098.27 71.53 
2 1167.77 71.94 
3 1174.46 72.88 
4 971.02 77.46 
5 1024.78 78.28 
A 1101.47 77.73 
B 1020.26 72.78 
1mm/min 1017.88 69.29 
10mm/min 1073.31 74.47 
100mm/min 1186.28 76.41 
TOTAL 1083.08 73.23 
Table C.3 Young’s Modulus and maximum stress mean values 
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In addition to Figure 4.6 in Section 4.1.6, which shows the tensile test 1E 
specimen evolution at 10mm/min velocity, two more specimens at different 
velocities are selected. Figure C.2 shows the rejected 1A sample at 1mm/min 
and Figure C.3 the 1F sample at 100mm/min velocity.  
 
Figure C.2  1A specimen tensile test 
 
Figure C.3  1F specimen tensile test 
Finally, all the tested specimens are shown in Figure C.4 and as previously 
explained in Section 4.1.6, it is possible to observe that all the specimens, 
according to their failure line orientation, failed by shear at the same location,  
 
Figure C.4  Specimens after the tensile test  
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C.3 Material card 
The effective plastic strain and yield stress values used in the PC material card 
iterative process are shown in Table C.4. 
 Numbers Effective plastic strain 
(EPS) 
Yield Stress 
(ES) 
Iteration 1 1 0 10 
2 7.50 x10-3 15 
3 1.67 x10-2 28 
4 2.67 x10-2 40 
5 3.83 x10-2 50 
6 5.00 x10-2 60 
Iteration 2 1 0 10 
2 7.50 x10-3 20 
3 1.67 x10-2 30 
4 2.67 x10-2 40 
5 3.83 x10-2 50 
6 5.00 x10-2 60 
Iteration 3 1 0 10 
2 7.50 x10-3 21 
3 1.67 x10-2 34 
4 2.67 x10-2 45 
5 3.83 x10-2 55 
6 5.00 x10-2 70 
Table C.4  EPS and ES values for PC material card 
Moreover, the displacement experienced by the fixed and moving clamps is 
shown in Figure C.5. 
 
Figure C.5 Simulated displacement of the clamps  
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Appendix D Numerical simulation  
D.1 EPP Foam Design 
Figure D.1 shows a reduction of the original A3 drawing, which Front, Left, Top 
and Isometric views were scaled with a scale factor of 1:3.  
 
Figure D.1 EPP foam drawing (Front, Left, Top and Isometric view) 
Finally, the machined result of the EPP foam is shown in Figure D.2.  
 
Figure D.2 EPP foam mechanized  
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D.2 Fixed headlamp simulation results 
The three graphs for the 100J, 150J and 200J cases are shown in the following 
figures. Moreover, an enlargement of Figure 5.13 and Figure 5.16 of Section 5.3 
are shown. 
 50J simulation  
 
Figure D.3 Kinetic, internal, sliding interface and hourglass energy for 50J during 40ms 
 
Figure D.4 Bending moment for 50J during 40ms  
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 100J simulation 
 
Figure D.5 Kinetic, internal, sliding interface and hourglass energy for 100J during 40ms 
  
Figure D.6 Upper legform upper and lower load cells force values for 100J during 40ms 
  
Figure D.7 Bending moment for 100J during 40ms   
 109 
 150J simulation 
 
Figure D.8 Kinetic, internal, sliding interface and hourglass energy for 150J during 40ms 
 
Figure D.9 Upper legform upper and lower load cells force values for 150J during 40ms 
 
Figure D.10 Bending moment for 150J during 40ms  
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 200J simulation 
 
Figure D.11 Kinetic, internal, sliding interface and hourglass energy for 200J during 40ms 
  
Figure D.12 Upper legform upper and lower load cells force values for 200J during 40ms 
 
Figure D.13 Bending moment for 200J during 40ms  
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 400J simulation 
 
Figure D.14 Kinetic, internal, sliding interface and hourglass energy for 400J during 40ms 
 
 
Figure D.15 Bending moment for 400J during 40ms  
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D.3 Foam headlamp simulation results 
The three graphs for the 100J, 150J and 200J cases are shown in the following 
figures. Moreover, an enlargement of Figure 5.20 and Figure 5.23 of Section 5.4 
is also shown. 
 50J simulation  
 
Figure D.16 Kinetic, internal, sliding interface and hourglass energy for 50J during 40ms 
 
Figure D.17 Bending moment for 50J during 40ms  
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 100J simulation 
 
Figure D.18 Kinetic, internal, sliding interface and hourglass energy for 100J during 40ms 
  
Figure D.19 Upper legform upper and lower load cells force values for 100J during 40ms 
  
Figure D.20 Bending moment for 100J during 40ms   
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 150J simulation 
 
Figure D.21 Kinetic, internal, sliding interface and hourglass energy for 150J during 40ms 
 
Figure D.22 Upper legform upper and lower load cells force values for 150J during 40ms 
 
Figure D.23 Bending moment for 150J during 40ms  
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 200J simulation 
 
Figure D.24 Kinetic, internal, sliding interface and hourglass energy for 200J during 40ms 
  
Figure D.25 Upper legform upper and lower load cells force values for 200J during 40ms 
 
Figure D.26 Bending moment for 200J during 40ms  
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 400J simulation 
 
 Figure D.27 Kinetic, internal, sliding interface and hourglass energy for 400J during40ms 
 
Figure D.28 Bending moment for 400J during 40ms  
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Appendix E Pendulum test rig 
E.1 Material available 
The CAD and real aluminum profiles are shown in Figure E.1 and the real 
profile dimensions are shown in Figure E.2 and extracted from the catalogues of 
Valuframe and Flex-Link [67] [68] [69]. 
 
Figure E.1 Aluminum profiles and CAD simplifications  
 
Figure E.2 aluminum profiles dimensions [67] [68] [69] 
Finally, the weight correlation of all the components is shown in Table E.1. 
Component Length 
[mm] 
Real weight 
[kg] 
CAD weight 
[kg] 
Big aluminum profile 1000 1.544 1.575 
Medium aluminum profile 1500 3.800 3.774 
Small aluminum profile 500  0.456 0.414 
Steel cylinder 400 0.711 0.725 
Load cells - 0.293 0.300 
Table E.1 Material correlation 
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E.2 Properties of homogeneous solids  
Figure E.3 shows the mass moments of inertia for a rectangular parallelepiped. 
 Figure E.3 Moment of inertia calculation of the rectangular parallelepiped [1] 
Figure E.4 shows the mass moments of inertia for a circular cylindrical shell.  
 Figure E.4 Moment of inertia calculation of the circular cylindrical shell [1] 
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E.3 Low energy impacts  
The twenty test results are shown in the following tables (Table E.2, Table E.3, 
Table E.4 and Table E.5). The selection is based on the four conditions colors 
explained in Table 6.4 in Section 6.2.4, and to make more visual the selection, 
the selected ones are colored in soft green and the rejected are in soft red. 
 
Energy 
[±5%] 47.50 <=  x  <= 52.50 
  
Test 50 J 
Energy 
[±2.5%] 48.75 <=  x  <= 51.25 
    A.1 A.2 A.3 A.4 A.5 
 Meters large bar 0.90 1.60 1.75 1.50 1.80 
 Nº of bars (big profile) 3 1 0 2 0 
 Nº of bars (alternative 
profile) 5 0 0 0 0 
 Energy [J] 50.84 51.23 50.53 53.13 52.54 
 W pivot [s^-1] 5.28 4.00 3.88 4.09 3.83 
 Velocity [m/s] 3.69 5.61 6.02 5.32 6.14 
 Effective mass [kg] 7.43 3.25 2.78 3.74 2.78 
 
       Extra bar required [m] 0 0.7 0.85 0.6 0.9 
 Colour           2) 
 
          3) 
 
          4) 
Table E.2 Test conditions selection for low energy test of 50J 
 
Energy 
[±5%] 95 <=  x  <= 105 
  
Test 100 J 
Energy 
[±2.5%] 97.50 <=  x  <= 102.50 
    A.1 A.2 A.3 A.4 A.5 
 Meters large bar 1.60 1.75 1.90 2.60 1.80 
 Nº of bars (big profile) 2 2 1 0 2 
 Nº of bars (alternative 
profile) 4 3 3 0 3 
 Energy [J] 99.21 99.36 102.34 104.19 102.94 
 W pivot [s^-1] 3.87 3.71 3.57 3.19 3.65 
 Velocity [m/s] 5.41 5.75 6.09 7.67 5.85 
 Effective mass [kg] 6.77 6.01 5.55 3.54 6.01 
 
       Extra bar required [m] 0.7 0.85 1 0.7 0.9 
 Colour           2) 
 
          3) 
 
          4) 
Table E.3 Test conditions selection for low energy test of 100J 
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Energy 
[±5%] 142.50 <=  x  <= 157.50 
  
Test 150 J 
Energy 
[±2.5%] 146.25 <=  x  <= 153.75 
    A.1 A.2 A.3 A.4 A.5 
 Meters large bar 1.90 2.60 2.75 2.80 2.90 
 Nº of bars (big profile) 3 2 1 3 1 
 Nº of bars (alternative 
profile) 5 1 1 0 1 
 Energy [J] 143.30 150.88 143.03 151.28 153.29 
 W pivot [s^-1] 3.52 3.08 3.03 3.00 2.96 
 Velocity [m/s] 5.98 7.39 7.74 7.80 8.00 
 Effective mass [kg] 8.02 5.52 4.77 4.96 4.79 
 
       Extra bar required [m] 1 0.7 0.85 0.9 1 
 Colour           2) 
 
          3) 
 
          4) 
Table E.4 Test conditions selection for low energy test of 150J 
 
Energy 
[±5%] 190 <=  x  <= 210 
  
Test 200 J 
Energy 
[±2.5%] 195 <=  x  <= 205 
    A.1 A.2 A.3 A.4 A.5 
 Meters large bar 2.5 2.6 2.75 2.8 2.9 
 Nº of bars (big profile) 3 2 1 2 3 
 Nº of bars (alternative 
profile) 4 4 4 3 2 
 Energy [J] 199,13 197.57 199.69 196.99 198.35 
 W pivot [s^-1] 3.07 3.02 2.95 2.94 2.89 
 Velocity [m/s] 7.06 7.25 7.53 7.63 7.82 
 Effective mass [kg] 7.88 7.51 7.04 6.76 6.49 
 
       Extra bar required [m] 0.6 0.7 0.85 0.9 1 
 Colour           2) 
 
          3) 
 
          4) 
Table E.5 Test conditions selection for low energy test of 200J 
Despite there are final seven suitable conditions with two test possibilities for 
the 50J, 100 and 150J cases, it is finally decided to only conduct five of them 
regarding to the test preparation and conduction time. Accordingly, this implies 
to run two more simulation conditions to be correlated. The criteria for deciding 
which tests reject for the 100J and 150J conditions, is based on the lowest 
velocity condition, which in consequence implies bigger mass.  The final five 
selections are shown in Table 6.5 in Section 6.2.4. 
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E.4 S-Beam load cells 
As one might expect, the S-Beam load cells obtain their name from their shape. 
They can provide an output voltage value either under tension or compression. 
Their typical uses are in materials test machines, platform, hopper and tank 
weighing systems, conveyors, overhead track scales and for general in-line load 
measurement applications [64] [65].  
S-Beam load cell from the LoadCellShop 700 Series 
 Specification: 
Standard Ranges 0 to 0.5, 1, 2.5, 5kN 
Excitation Voltage 10V (normal), 15V (max) DC 
Sensitivity 2.0 mV/V (nominal) 
Non-Linearity 0.05% of F.R.O or Better 
Hysteresis 0.05% of F.R.O or Better 
Zero Balance 0.50% of F.R.O 
Bridge Resistance 350 Ohm 
Over Load Characteristics 150% Safe Overload 
200% Ultimate Overload 
Insulation Resistance >1000M Ohm 
Storage Temp -40 to +70 Degrees C 
Operating Temp -20 to +70 Degrees C 
Compensated Temp +20 to +70 Degrees C (Standard) 
Electrical Connections Integral Screened Cable 
Thermal Sensitivity 0.005% of F.R.O/Degrees C 
Table E.6 S-Beam LoadCellShop 700 Series specification [4] 
 Dimensions: 
 
Figure E.5 S-Beam LoadCellShop 700 Series dimensions [4] 
 
Capacity A B C D Weight 
0 to 0.5, 1, 2.5, 5 kN 70.0 25.0 75.0 M12 0.4kg 
Table E.7  S-Beam LoadCellShop 700 Series dimensions data [4] 
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S-Beam load cell from the Maywood Instruments Limited U4000 Series 
 Specification: 
 
Table E.8 S-Beam Maywood Instruments Ltd U4000 Series specification [5] 
 Dimensions: 
 
Figure E.6 S-Beam Maywood Instruments Ltd U4000 Series dimensions [5] 
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E.5 Calibration with DSC Toolkit 
The steps to calibrate a load cell with DSC Toolkit Software are: 
1. Impose zero value to the initial output voltage value with System Zero. 
 
Figure E.7 System Zero to zero the output value 
2. Click the Auto Calibration option in Calibration menu. 
 
Figure E.8 Auto calibration 
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3. Introduce the desired output value of the Point 1 with the real weight of the 
known 20N piece.  
 
Figure E.9 Calibration Point 1 
4. Introduce the desired output value of the Point 2 with the real weight of the 
known 40 Newton piece.  
5. Finally, a message of the calibration completion will appear.   
 
Figure E.10 Calibration Completed 
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E.6 Load cell calibration with LabVIEW 
The first thing to do for calibrate the load cells is to introduce the required 
settings into the configuration panel with the manufacturer catalogue 
specifications (Appendix E.1) for then create a bridge scale. The bridge scale 
configuration follows a trial and error iterative method until the model returns a 
correct value, or in its defect an equivalent progression voltage value while 
loading different calibration loads. 
Figure E.11 shows the parameters introduced in the configuration of the 1kN 
load cell. It requires to be implemented by multiplying the return voltage value 
by a constant of “-1” in order to display the correct value.  
 
Figure E.11 Calibration Completed (1kN) 
Figure E.12 shows the parameters introduced in the configuration of the 5kN 
load cell. It requires to be implemented by multiplying the return voltage value 
by a constant of “6.3451” in order to display the correct value.  
 
Figure E.12 Calibration Completed (5kN) 
Model verification was conducted in order to ensure that the values provided by 
the load cells are correct. As done with the DSC Toolkit checking calibration, a 
different amount of 20N loads were applied to both load cells.  
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In the case of the 1kN load cell, it was only loaded until 40N while the 5kN one 
was progressively loaded until 80N. This is because only a total of 100N loads 
were available.  
Figure E.13 shows the displayed load values when a piece of 20N was loaded 
over both load cells. Figure E.14 shows the displayed load values when a piece 
of 20N was loaded over the 1kN load cell and four pieces of 20N were loaded 
over the 5kN load cell. Finally, Figure E.15 shows the whole checking process 
where a progressive loading method was followed. 
 
Figure E.13 Calibration checking with 20N loads 
 
Figure E.14 Calibration checking with 20 and 80N loads 
 
Figure E.15 Calibration checking for 1kN (left) and 5kN (right) load cells 
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E.7 Pendulum rig inventory 
The inventory of the available required material in order to build the pendulum 
test rig is widely explained in Table E.9, Table E.10 and Table E.11:  
 
 The headlamp base inventory:  
Part Profile type  Length Metric Quantity 
Aluminium bar 30x30 mm 1000 mm - 2 
Aluminium bar 30x30 mm 500 mm - 5 
Aluminium bar 30x30 mm 310 mm - 2 
Aluminium bar 30x30 mm 250 mm - 4 
PMMA sheet 510x260 mm 3 mm - 1 
PMMA sheet 510x200 mm 3 mm - 1 
PMMA sheet 310x250 mm 3 mm - 2 
Two angle bracket  - - M6 6 
Three angle bracket  - - M6 6 
Slot nut - 20 mm M6 12 
Bolt - 10 mm M6 54 
EPP foam 145x310 mm 340mm - 1 
Table E.9 Inventory of the headlamp base 
 
 
 The pendulum base inventory:  
Part Profile type  Length Metric Quantity 
Aluminium bar 44x44 mm 1000 mm - 2 
Aluminium bar 44x44 mm 800 mm - 2 
Aluminium bar 44x44 mm 500 mm - 2 
Aluminium bar 30x30 mm 500 mm - 1 
Nut - - M16 6 
Washer - - M16 6 
Threaded rod - 120 mm M8 2 
Nut - - M8 4 
Washer - - M8 4 
Force washer - - M8 4 
Support plates 24x3 mm 170 mm - 2 
Slot nut - 25 mm M8 10 
Angle bracket - - M8 6 
Bolt - 25mm M8 10 
Bolt - 80mm M6 2 
Shaft - 350mm M12 1 
Triangular 
aluminium plate 
70x100 mm 20 mm - 2 
Table E.10 Inventory of the pendulum base 
 128 
 
 The impactor inventory:  
Part Profile type  Length Metric Quantity 
Aluminium bar 44x44 mm 1000 mm -   4 
Aluminium bar 44x44 mm 700 mm -   2 
Aluminium bar 44x44 mm 230 mm - 6 
Aluminium bar 44x44 mm 300 mm - 3 
Aluminium bar 40x40 mm 300 mm - 5 
Steel tube Ø 50 mm 400 mm - 1 
Load cell 75x25 mm 70 mm M12 2 
Threaded rod - 480 mm M12 2 
Threaded rod - 160 mm M12 3 
Threaded rod - 105 mm M12 2 
Threaded rod - 60 mm M12 2 
Nut - - M12 22 
Washer - - M12 22 
Threaded rod - 160 mm M10 9 
Nut - - M10 18 
Washer - - M10 18 
Force washer - - M10 18 
CF45 325x235 mm 25 mm - 1 
CF45 325x180 mm 25 mm - 1 
Rubber band 1740x140 mm 1 mm - 1 
Table E.11 Inventory of the impactor 
E.8 Pivot point optimisation 
An optimization process of the pendulum was held in order to provide to the 
pendulum stiffness and accuracy for reach the desired impact point. The initial 
pivot point was composed by a M16 threaded rod and nuts, but the impact point 
tolerance was too high and to solve this problem, the shaft and triangular 
aluminium plates solution was adopted. In consequence, the pendulum base 
structure design was also modified. This evolution process is shown in Figure 
E.16. 
 
Figure E.16 Pivot point evolution process  
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E.9 Load cell re-calibration for each impact test 
Naturally, the first thing to do after assembly the upper legform impactor is to re-
calibrate the load cells because they are submitted to an initial load condition 
not contemplated previously.  
A personalized re-calibration and modification of the code are required each 
impact test. Figure E.17 shows the configuration for the 50J impact test and 
Figure E.18 for the 100J case. 
 
Figure E.17 Load cell re-calibration for 50J impact test 
 
Figure E.18 Load cell re-calibration for 50J impact test  
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E.10 50J impact test figures  
A selection of some impact pictures from different points of vision are selected 
and shown in Figure E.19 and Figure E.20. These pictures were taken ten 
frames per second and it is possible to observe the experienced rebound after 
the first impact.  
 
Figure E.19 50J impact test first perspective 
 
Figure E.20 50J impact test second perspective 
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E.11 High energy impact test 
The built high energy impact test pendulum rig had some problems, and in 
consequence it was impossible to conduct the test because it can put in serious 
danger the personnel present during the test. Moreover, the risk of the rig to fail 
to impact in the desired and simulated impact point was too high. 
Once the low energy tests are correlated and provide similar values, there is no 
need to conduct the high energy impact test because the simulations for the 
400J test become valid.  
The render of the high energy impact rig is shown in Figure E.21 and the 
rejected pendulum rig construction is shown in Figure E.22. 
 
Figure E.21 400J pendulum rig render 
 
Figure E.22 400J pendulum rig construction 
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Appendix F Correlation  
F.1 Wrong pendulum impact data acquisition demonstration 
For a low pendulum impact energy case, where the impactor weighs 7.43kg, 
has 3.69m/s velocity and drops a 1m height by following a 90 degrees angle 
trajectory, the expected kinetic energy is of 50.58J. 
      
 
 
    
 
 
                    
The force formula states that force is equal to the mass multiplied per 
acceleration, and as the mass and the sum of impact forces (137.31N) are 
known, it is possible to calculate the 18.48m/s2 deceleration. 
  
 
 
 
      
    
       
 
  
  
Following the equation of motion represented in Equation F.1, it is possible to 
calculate the required stop distance knowing that the acquired data time step is 
of 0.25s.  
     
 
 
    
Equation F.1 Equation of motion 
The calculated stop distance is 0.345m, which cannot be possible and, as a 
consequence, it is proved that the acquired data by the employed 
instrumentation load cells is wrong in dynamic. 
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